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Abstract 
Laser Sintering is an Additive Manufacturing technology that uses digital files to construct 3-
dimensional parts by depositing and consolidating layers of powdered material.  Application of the 
technology for metal and ceramic powders is common but the focus of this work was on polymer 
laser sintering.  A significant drawback for polymer laser sintering is the limited selection of 
materials currently available for use compared with more conventional processes such as injection 
moulding.  This constrains the usefulness of the technology for designers and engineers.  A 
primary reason for this is a lack of detailed understanding of the development process for new 
materials for laser sintering.  This PhD investigation examines some of the key attributes and 
requirements needed for successfully implementing new polymer-based laser sintering materials. 
 
A strategic method for characterizing and identifying new polymer materials was created utilizing 
thermal measurements, practical and analytical methods to quantify sintering rate, and degradation 
studies.  Validation of this work occurred through the successful integration of a new laser 
sintering material at industrial project partner Burton Snowboards.  Thermal degradation as a 
result of the laser sintering process was studied in detail and resulted in the creation of a proposed 
new parameter: Stable Sintering Region (SSR).  The term acknowledges and defines the region 
above the melting point that is the minimum requirement for sintering to occur and an upper limit 
beyond which polymer deterioration impedes on mechanical properties.  A quantitative approach 
to define the SSR was developed and explored with three different laser sintering materials, two of 
which were flexible elastomers.  The ability to specifically interpret laser sintering process 
parameters from thermal degradation characterization was created and used to explore the effects 
of high energy input on tensile properties and molecular weight.  The results of these tests showed 
the potential to identify an Optimum Sintering Range based on maximizing mechanical properties 
through the control of energy input and molecular weight.   
 
This thesis makes a significant contribution to the knowledge and understanding of polymer laser 
sintering, especially in the context of materials development.  Novel concepts such as the Stable 
Sintering Region were developed using a theoretical approach and practical measurements and 
were also thoroughly explored for verification.  Additionally, a new method to use a powder 
characterization technique to predict the actual machine parameters of a material in the laser 
sintering process was quantified.   This has several implications for testing new materials for laser 
sintering and efficiently identifying appropriate processing conditions.   
 
 
Key Words: Laser sintering, Stable Sintering Region, Polymers, Elastomers, Molecular Weight 
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1. Introduction	  
1.1. Thesis	  Context	  
When rapid prototyping systems like laser sintering were initially developed there was not 
a great need for a complete understanding of the material characteristics because built 
parts were being primarily used for prototypes.  Factors such as surface finish and 
mechanical properties were of secondary importance.  The ability to quickly prototype a 
part without the high costs of moulds overshadowed some of the feature limitations.  As 
the technology, and indeed the industrial sectors using the systems have evolved, the 
demand for parts that could be used in a wider array of applications has grown.  Along 
with this demand comes the need for a greater understanding of laser sintering system 
materials and new materials development.  This thesis addresses this evolution in the 
industry by focusing on expanding the body of knowledge on polymers for laser sintering.  
The work presented here not only builds on previous research conducted in this space but 
also adds novel concepts that can be used as platform theories for the continued expansion 
of the laser sintering industry.  This includes researchers in industry and academia who 
aim to expand the breadth of materials for the process as well as the practitioners of laser 
sintering systems.   
 
This research was completed under the Innovative Manufacturing and Construction 
Research Centre (IMCRC) at Loughborough University, in conjunction with Department 
of Materials and Sports Technology Institute.  The project entitled ‘Advanced Control and 
Understanding of Polymer Sintering was a three year collaboration between 
Loughborough University, Burton Snowboards, the University of Louisville, and EOS 
GmbH.   
1.2. Thesis	  Structure	  
A full outline of the content of the thesis is found on the following page with a brief 
overview below.  The lack of understanding of the polymer development process was a 
catalyst for the first experimental chapter.  After a comprehensive review of the current 
literature, several polymer characterization techniques were selected to study a range of 
polymer materials that had potential use for applications in the laser sintering process.   
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1.2.1. Preliminary	  Investigation	  and	  Research	  Objectives	  
The key traits that were explored included thermal characteristics, sintering rate, and the 
degradation properties of the polymer materials.  The combination of results from this 
analytical research provided a more complete picture of the potential for a material to be 
suitable for the laser sintering process.  Previous work has been extended into innovative 
research because of the breadth of materials investigated and the inclusion of multiple 
material properties thought to be important for laser sintering.    The key research 
objectives were to: 
 
1. Characterize several polymers using material property tests including surface free 
energy, viscosity, thermal behaviour, degradation and sintering time.   
2. Investigate polymer materials beyond those conventional used/investigated  
1.2.2. Primary	  Investigation	  and	  Research	  Objectives	  
While the preliminary investigation was successful, the fundamental findings of this thesis 
involve a more thorough study of polymer degradation and how it can be measured, 
predicted theoretically, and controlled during the laser sintering process.  Process 
degradation of polymers during laser sintering appeared important, however this has not 
been widely reported in literature.  The novel concept of a ‘Stable Sintering Region’ was 
created to define the temperature region where optimal input parameters result in polymer 
sintering that enables sintering to take place, allows part properties to be optimised but 
does not degrade the material.  Thermogravmetric Analysis (TGA) was used to study 
three materials that have different sized Stable Sintering Regions.   The research 
objectives for this primary investigation included: 
 
1. Measure and define a melt degradation window for different powdered polymer 
materials 
2. Build parts using laser sintering to illustrate the range of SSR in different materials 
3. Identify the extent of degradation on the mechanical properties of laser sintered 
parts and compare with melt degradation window results.   
4. Establish if SSR is a useful measure for the development of new polymers for 
laser sintering.   
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A method to quantitatively measure the Stable Sintering Region was developed by 
applying previous work in the field of reaction kinetic studies using TGA.  It is important 
to note that the exact reaction kinetics and components were not evaluated in full detail; 
rather the goal was to identify a method to establish weight loss as measured by TGA as a 
key tool for laser sintering materials development.  A central result of this experimental 
work was found using the Energy Melt Ratio (EMR) (Starr 2011).  EMR is defined as the 
ratio between the actual amount of energy exposed to the material during laser sintering 
and the theoretical energy required to melt the material.   A measure of predicted energy 
(EMRDeg) that would result in a significant weight loss of material due to excess heating 
has been proposed here and was calculated during the research.  From here, the resultant 
EMRDeg was used to predict the laser sintering machine parameters using the Energy Melt 
Ratio.    
 
The final experimental chapter applies this method of selecting laser sintering machine 
parameters by building laser sintered test specimens with three materials to determine 
whether the EMRDeg resulted in a change in mechanical properties.  In addition, molecular 
weight studies using gel permeation chromatography (GPC) were performed to garner 
further insight into changes in molecular structure accounting for subsequent changes in 
mechanical properties.  Ultimately, predictive EMRDeg term proved quite useful for 
Nylon-12 but slightly different behaviour was observed with the elastomer materials ALM 
TPE-210s and Elastollan TPU.   
 
Specific conclusions are discussed resulting from both the primary and principal 
investigations including the development of a greater understanding of advantageous 
attributes for laser sintering materials as well as the proposed ‘Stable Sintering Region’ 
concept.  Several aspects of this work revealed new avenues of research to be undertaken.  
These are addressed in detail for potential expansion and understanding of the work 
completed in this thesis.  Several publications have already been made on the basis of this 
research and these are documented in Dissemination Section and Appendix 1.   
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2. Literature	  Review:	  Polymers	  &	  Polymer	  Sintering	  
 
2.1. Context	  
The central theme of this work involves the laser sintering process.  Laser sintering is one 
of the most versatile Additive Manufacturing technologies.  The process has the capability 
to create objects from metals, ceramics, and polymers.  Because a wide array of materials 
can be used there are a myriad of valuable industrial applications for laser-sintered parts.  
The focus of this thesis is on the characterization and development of polymers for the 
laser sintering process.  In order to put the experimental work performed for this thesis in 
context, a full discussion of polymers and polymer sintering, laser sintering technology, 
and polymer degradation follows.       
2.2. Polymer	  Definition	  
Polymers are long molecules built up from the linking and cross linking of sub-units 
called monomers through the process of polymerisation.  These macromolecules can be 
arranged in a disordered fashion (amorphous) or have ordered areas of chain alignment 
(semi-crystalline) as shown in Figure 2.1.  Polymers can be further divided into two 
families, thermosets and thermoplastics.  Thermoset polymers are polymers that 
irreversibly cure and cannot be melted and re-solidified (Chanda & Roy, 2009).  
Thermoset polymers have cross-links between their molecular chains. If one attempted to 
melt a thermoset polymer the amount of energy required to break the cross links would 
result in the destruction of the bonds on the polymer backbone.  Consequently, the 
melting of a thermoset material causes catastrophic changes to the polymer that inhibit 
reshaping.  Some examples of thermosetting materials include vulcanized rubber, 
phenolic resin (billiard balls), and thermosetting polyurethane (Charrier, 1991). 
 
 
                                     (a)                                                                     (b) 
 
Figure 2.1 Example of (a) amorphous versus (b) crystalline polymer structure 
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Cured thermoplastics can be melted and reshaped to form usable polymer products.  The 
main interaction mechanism between molecules in thermoplastic polymers is Van der 
Waals forces.  Whereas covalent primary bonds interact on a length scale of 0.09-0.2nm 
Van der Waals forces have an interaction distance of 0.25-0.5nm and is inversely 
proportional to the distance between the interacting molecules (Carraher 2000).  Examples 
of thermoplastic materials include acrylonitrile butadiene styrene, polycarbonate, and 
polyethylene, polyvinylchloride (Charrier 1991).  Examples of a typical thermoplastic 
(blue cushioning) and thermoset rubber tires are shown in Figure 2.2.   
 
  
Figure 2.2  Examples of thermoset athletic footwear (NB Zips 2011) and thermoset 
rubber tires 
 
An elastomer is a polymer that possesses chemical or physical cross-links (Carraher, 
2000). These cross-links enable elastic deformations to occur when the material is 
stressed. Timoshenko (1951) defines that elasticity takes place when “external forces, 
producing deformation of a structure do not exceed a certain limit; the deformation 
disappears with the removal of forces.”   
 
The temperature at which an elastomer is used has a large effect on its properties.  
Generally the basic form of elastomers is amorphous and their operating temperatures are 
above the material’s glass transition temperature (Carraher, 2000).  Glass transition 
temperature is the point at which polymer chains no longer become fixed and can start to 
move.  This is accompanied by a shift in specific volume and is graphically illustrated in 
Figure 2.3.  When a force is applied to an elastomer the chains extend and are forced into 
a more ordered position and upon release the material returns to its original amorphous 
state (Carraher, 2000).  The driving restoring force is entropy for this behaviour.  The 
presence of crystalline regions in elastomers tends to make the materials stiffer.   
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Figure 2.3  Polymer thermal transitions on (1) semi-crystalline material and (2) 
amorphous material (CWRU, 2004) 
Both thermosets and thermoplastics can be considered elastomers.  In thermoset 
elastomers the cross-links between the molecules chains are chemical bonds.  The most 
common thermoset elastomer is rubber.  These are difficult to recycle because their 
crosslinks are not easily broken down without degrading the polymer backbone.   
 
Polyurethane and styrene-butadien-styrene are examples of thermoplastic elastomers.  
These polymers have blocks of ‘hard’ and ‘soft’ domains that produce elastic behaviour.  
In the case of SBS the polybutadiene blocks act as the soft region producing the 
elastomeric properties while the semi-crystalline nature of the polystyrene adds strength 
and act as physical crosslinks within the material (Carraher, 2000).  In polyurethane either 
polyether or polyester segments act as the soft regions connected to hard segments via 
urethane links (Carraher, 2000).  The elastic performance of thermoplastic elastomers can 
be engineered (Cambridge, 2011) by controlling the distribution of the hard and soft 
segments.   
2.3. Traditional	  Polymer	  Powder	  Processing	  
There are a variety of methods for processing polymer materials.  Laser sintering is a 
technology that uses powdered polymers as the main input material.  The next sections 
will outline other polymer processes that utilize the powdered polymers to highlight some 
of the general considerations for processing powders.   
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2.3.1. Rotational	  Moulding	  
Rotational moulding is a polymer processing technique for creating hollow parts.  It is a 
low pressure, high temperature; open moulding forming process that uses rotation to 
produce one piece parts (Beall, 1998).  Figure 2.4 shows a diagram of the process.  A set 
amount of polymer powder is deposited into the mould cavity, which is then rotated and 
moved into a heated chamber.  The heating of the mould causes all the plastic melt to 
adhere and sinter to the wall of the mould (Beall, 1998).  The mould continues to rotate as 
it is pulled from the heated chamber and placed into a cooling area where the plastic 
begins to hold its shape (Beall, 1998).  The final step is the removal of the part after it has 
stopped rotating.   
 
Figure 2.4 Rotational molding process (Valryti, 2009) 
 
It is the ideal process for making large plastic tanks and has advantages such as the ability 
to produce seamless, one piece, and hollow parts in complex shapes (Beall, 1998).  
Typically the wall thickness for rotational moulded parts are between 0.74-13mm 
(Crawford & Throne, 2002).  In contrast the main limitations of the process include the 
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inability to produce parts with cores, controlling surface features, and the costly procedure 
of heating and cooling the moulds (Beall, 1998). 
 
The main criteria for polymer materials to be used in rotational moulding are similar to 
those for laser sintering.  The materials need to be available in a powder form, have good 
thermal stability, and an ability to flow (Beall, 1998).  Because of the long heating cycles 
and exposure to elevated temperatures polymer materials can be prone to degradation.  
The most common materials for the process are polyethylene, polypropylene, PVC, 
polyamide, polycarbonate (Beall, 1998).  Other materials that have been used include 
ABS, polyester, polystyrene, and polyurethane (Beall, 1998). 
 
2.3.2. Powder	  Coating	  
Powder coating is a general term that refers to polymer processes for applying a coating to 
a substrate using solid resins or polymer powders (Richart, 1995).  A wide variety of 
polymers can be used for coatings and in many instances the process is used for 
decorative purposes or electrical insulation including nylons, polyethylene, 
polypropylene, and PVC.  Most often the substrate that is being coated is metallic.  There 
are four types of powder coating processes including fluidized bed coating, electrostatic 
spray coating, electrostatic fluidized bed coating, and flame spraying. 
 
Fluidized bed coating involves the creation of a suspension of polymer powder.  The 
powder is held in a container underneath a porous plate.  Once the suspension is created 
the part to be coated is inserted (Richart, 1995).  Usually this is a metal that is heated 
above to a temperature above the melt point of the polymer.  The main advantages for 
fluidized bed coating include high quality finish and process efficiency however it is not 
cost effective for low volume production (Richart, 1995).  Also there are size limitations 
with the process and only relatively thin coatings can be applied (Richart, 1995) 
 
Electrostatic spray coating is a process by which an air stream pushes polymer powder 
through a high voltage corona that induces a charge on the particles (Richart, 1995).  This 
powder is then propelled to a grounded substrate (usually a metal).  The aerodynamic and 
electrostatic forces involved work to attach the polymer to the substrate (Richart 1995).  
Once the substrate is coated it is placed into an oven where the polymer melts and forms a 
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thin film (Richart, 1995).  The process can handle relatively large parts and a benefit over 
fluidized bed coating is that the parts do not have to be preheated before treatment.   
 
Electrostatic fluidized bed coating is a combination of the previous two technologies.  The 
polymer is fluidized with air and is charged using high voltage electrodes (Richart, 1995).  
Once the powder is charged the part to be coated is placed in the area and subsequently 
grounded.  This causes a rapid deposition of the particles on the part, which typically are 
wires or mesh, like objects (Richart, 1995).  The part is not pre-heated so a secondary step 
of heating in an oven is required to induce melting of the polymer.   
 
Flame spraying is a final method of applying polymer coatings.  This process is the only 
one that allows for ‘in-field’ application of powders (Richart, 1995).  In this method a 
thermoplastic powder is propelled through the flame of a hand held gun and deposits on 
the part.  The flame melts the powder and it then can adhere to the substrate.  However the 
process can be difficult to control. If the flame is too hot the polymer could degrade and 
lose some of its properties but if the polymer is not heated high enough it will not adhere 
to the part (Richart, 1995).  A similar balance of process controls is required for 
successful laser sintering.   
 
2.4. Polymer	  Sintering	  Models	  
Laser sintering is a term unique to the Additive Manufacturing industry.  In the past it has 
been used interchangeable with Selective Laser Sintering or SLS.  For the purposes of this 
thesis the term laser sintering (LS) will be used because currently SLS is a trademarked 
term for 3D Systems.  To the general polymer engineer or materials scientist the term 
‘laser sintering’ can be misleading so the goal of the next section will be to discuss 
traditional notions of sintering to more fully appreciate the term as it applies to additive 
technologies.  
2.4.1. Traditional	  Sintering	  
The term sintering can be used in several contexts depending on the materials and phases 
being discussed.  Sintering is not a new technology.  It dates back to the prehistoric age 
with the firing of ceramic pottery but a scientific approach to the process was not 
undertaken until the 1940s (Kang, 2005).  Generally sintering is a process in which the 
surface area shrinkage of an assembly of particles occurs under the influence of thermal 
energy (Waldron, 1978).  It represents the fusion of particles that have not yet melted at a 
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temperature between half the melting temperature and the melting temperature (Kruth 
2005).  The word sintering is customarily thought of in terms of metal or ceramic powders 
and the end result of the process is the densification of the material into a solid form.  A 
general diagram of the process is illustrated in Figure 2.5.  The process lowers surface 
energy of the particles by reducing surface area with the formation of bonds between 
particles (German, 1996).  This bonding leads to a predominately solid structure and this 
is mostly done in the absence of an external pressure (German 1996).  For metals, the 
sintering process is usually more precise than casting however it is less precise than 
machined components (German, 1996). 
 
Figure 2.5 Stages of sintering  (Guzman, et al. 2006) 
 There are different classes of sintering based on the phase of the material while the 
process occurs (Figure 2.6).  Solid state sintering occurs when the powder is coalesces 
completely in a solid state (Kang, 2005).  Liquid phase sintering occurs when liquid 
becomes present during the process (Kang, 2005).  In both cases the dominating factor for 
propagation of sintering is the reduction of total surface energy (Waldron, 1978).  Both of 
these processes can occur with or without the addition of external pressure.  In terms of 
polymer sintering the solid-state process would result in timescales that would be 
impractical for most applications.  So for the laser sintering process the primary interest is 
in liquid or melt-phase sintering.   
 
The chart outlined in Figure 2.6 was designed for metal and ceramic powders however it 
is a logical way to think about polymer sintering as well.  Polymer sintering would fall 
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into the category of a pressureless liquid persistent type of sintering.  In persistent liquid 
phase sintering liquid phases exist throughout the high temperature portion of the 
sintering cycle while transient liquid phase sintering results in the disappearance of the 
liquid during the sintering cycle into a solid solution (German, 1996). 
 
Figure 2.6 Flow chart of various sintering classes (German, 1996) 
2.4.2. Polymer	  Sintering	  
Polymer sintering is defined as the formation of a homogenous melt from the coalescence 
of powder particles (Bellehumeur, et al 1996).  It is important to note that from this point 
forward the term ‘sintering’ will be indicate ‘polymer laser sintering.’  The sintering 
behaviour of a material has significant repercussions in the processing and mechanical 
performance of parts for the laser sintering process.  The heating and cooling rates of the 
polymer can contribute to part porosity and without the addition of external stress during 
the process it is difficult to achieve a part without porosity.  That being said, porosity is an 
inherent trait of laser sintered polymer parts.  Nevertheless, a high degree of porosity can 
lead to brittle parts and reduced mechanical properties.   
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The literature describes the use of powder sintering equations as a way to better 
understand processes like rotational moulding and powder coating.  More recently authors 
have used sintering models as a means to analyse materials for laser sintering (Shi et al, 
2007).  Laser sintering is not a pressure-assisted process.  There is no element of pressure 
acting to solidify the particles as in injection moulding where both temperature and 
pressure catalyse the formation of parts (Greco & Maffezzoli, 2003).  There have been 
attempts to use post processing methods of pressure application such as hot isostatic 
pressing to alleviate the part porosity after construction however this can be limited 
certain geometries (Hopkinson, 2004).   
 
The consolidation of two polymer particles has been observed optically using hot stage 
microscopy (Bellehumeur, 1996).  The Frenkel-Eshelby (Equation 2.1) model of powder 
sintering offers a way to estimate sintering rate given a small amount of measurable 
material properties.  The model assumes that two spherical particles (Figure 2.7) melt and 
flow to form one particle over a given time period at elevated temperatures.   
 
Figure 2.7 Idealized sintering of two polymer particles adapted from (Bellehumeur, 
1996) where a is the particle radius and x is the half neck radius 
 
 
[1.1] 
Frenkel-Eshelby equation of polymer sintering where x, a, t, Γ,η, are the half neck 
thickness, particle radius, sintering time, surface energy, and viscosity 
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The fundamental properties of the model are viscosity and surface energy of the polymer 
melt.  As the temperature of the particles increase the surface energy and the viscosity 
decrease.  This process is driven by the viscosity, which allows the individual particles to 
coalesce (Narkis 1995).  The relative size of the molecule results in the chains becoming 
entangled and is the primary determinant of its viscosity (McCrum, et al. 1997).  The 
model offers sintering insight given only a small amount of measureable material 
properties and has been verified experimentally using amorphous polymers like 
polystyrene and PMMA (Bellehumeur, 1996) 
 
Bellehumeur (1996) investigated the Frenkel model with polyethylene powder.  Results 
showed that there was no apparent change in sintering time with increased particle size 
from 348µm to 520µm (Figure 2.8a).  However the particle sizes examined with the 
polyethylene powder are much larger than those typically used in laser sintering.  
Standard Nylon-12 powder for laser sintering is 56µm and this is usually deposited in 
layers of 100µm.   
 
Sintering time is represented in both Figure 2.8a and 2.8b by the neck growth at the 
interface of two particles.  Figure 2.8b illustrates a slight difference in neck growth as a 
heating temperature is changed.  When the sintering temperature is higher the neck 
growth does proceed more quickly.   It is noted that the conditions inside a laser sintering 
machine are different because particle heating happens on a very fast scale through laser 
consolidation.  The laser only interacts with a given particle for fractions of a second.  
This jumpstarts the sintering process and it continues as the powder cools back to a 
temperature where the material solidifies.  Polymers are known to have poor thermal 
conductivity so heating may not be consistent throughout a particle or even on a particle 
that is just beneath the surface.  This is one of the primary reasons for porosity in a final 
laser sintered part.  Nevertheless the experimental methodology outlined by Bellehumeur 
provide a practical measure for measuring the sintering speed of a polymer particle and 
could give further insight into the effectiveness of a material during for the laser sintering 
process.   
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Figure 2.8 Sintering speed of polyethylene (a) shows the effect of particle size on neck 
growth of two particles (b) effect of temperature on the neck growth of particles 
(Bellehumeur 1996) 
 
There have been many modifications and expansions on the Frenkel model in the 
literature aimed at more thoroughly characterizing the evolution of sintering between 
polymer particles.  The main limitation with the Frenkel model is that it is based on the 
particle melt flowing in a Newtonian manner.  The result of such an assumption has led to 
experimental observations of sintering to be slower than the equation suggests.  In the 
case of polymers there is more viscous flow between the particles and it has been seen 
that sintering rates for more elastic polymers can be slower than predicted (Bellehumeur 
1998).  Comparatively polymers have much longer molecular chains that have a tendency 
to entangle.  Bellehumeur (1998) created a model that predicted sintering rates more 
comparable to those seen optically with hot stage microscopy by incorporating a 
viscoelastic component to the Frenkel equation.  Materials that are viscoelastic display 
time dependent mechanical properties.  Over long periods the material flows in a viscous 
manner but at short periods an elastic response is seen (Rubinstein, 2007).  Figure 2.9 
compares various models with experimental results of sintering particles derived from hot 
stage microscopy.  All three models predict faster coalescence than seen in practice. 
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Figure 2.9 Sintering Predictive Models comparison models and observed data 
(Bellehumeur 1998) 
 
While there remains discussion in the literature on the model that provides the most 
accurate representation of polymer sintering the general structure of the Frenkel Model 
does provide a structure for comparing how different polymers behaving when heated.  
This information could then be used as part of a selection process for identifying materials 
with the appropriate characteristics for a technology like laser sintering.   
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3. Literature	  Review:	  Laser	  Sintering	  of	  Polymers	  
3.1. Additive	  Manufacturing	  
Laser sintering is one of several processes included in the Additive Manufacturing family 
of technologies.  The term Additive Manufacturing has evolved from the terms Rapid 
Prototyping and Rapid Manufacturing as systems have been incorporated into a wider 
range of applications.  The most widely accepted definition of Rapid Manufacturing is 
‘the use of computer aided design (CAD) based automated Additive Manufacturing 
processes to construct parts that are used directly as finished parts or components” 
(Hopkinson et al, 2006).  Similarly, Rapid Prototyping is the use of an Additive 
Manufacturing process to build parts that are designed to be prototypes. Additive 
manufacturing describes a group of processes and contrasts with traditional divisions of 
manufacturing such as subtractive (machining) or formative (injection moulding).     
 
The growth of additive manufacturing technologies began in the 1980s (Wendel, 2008).  
Over the past 25 years several layered manufacturing technologies have developed 
including Stereolithography (1986), Laminated Object Modelling (1985), Fused 
Deposition Modelling (1988), Selective Laser Sintering (1987), and 3D Printing (1985) 
(Levy, et al 2003).  New technologies are continually being developed including High 
Speed Sintering (a combination of 3D printing and laser sintering) and the Danish 
company Blue Printer have developed a process called Selective Heat Sintering (Blue 
Printer 2011).  All of these technologies have distinguishing characteristics depending on 
the construction methods, materials, and part functionality.  Laser sintering is considered a 
powder-based system.  The consolidation process occurs by melting and solidification.  
Another powder-based system, 3D Printing, uses binders as the principle means of 
particle consolidation.   
 
Diverse collections of industries utilize Additive Manufacturing processes as a key 
component of their business.  The additive manufacturing market was estimated to be 
$1.325 billion in 2010, which is a 24% growth over 2009 figures (Wohlers, 2011).  This 
figure includes revenues generated from both products and services in the industry.   One 
of the reasons for the shift in terminology from Rapid Prototyping to Additive 
Manufacturing is the application of these systems to produce end use products.  Cost 
models of laser sintering have been developed showing the potential of the technology 
being used in low to mid volume manufacturing (Hopkinson 2003, Ruffo 2006).   
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Two markets that have pushed the industry forward have been aerospace and medical 
devices.  Boeing uses laser sintering processing to manufacture end use air ducts for 
military jets like the F-18 and stereolithography is a common technique to produce 
hearing aid shells (Wohlers, 2009).  Figure 3.1 shows two examples of additive 
manufactured products.  One is an iPhone case from a company called Freedom of 
Creation and the other is a hearing aid shell made by stereolithography.  The major 
advantage of Additive Manufacturing techniques is the ability to produce geometries that 
would be difficult or impossible to recreate in a more conventional system like injection 
moulding.  Additionally, AM systems make low volume manufacturing more cost 
efficient because expensive moulds are not required.  This eliminates the dependency of 
cost per part on production volume (Goodridge 2011).  The freedom of manufacturing 
complex shapes and assemblies allow designers to create parts that can be lighter and 
more efficient than conventional parts that have more geometric restrictions.   
 
The adoption of the technology by major industries and corporations has been a catalyst 
for development of machines and materials.  In the sporting goods industry Burton 
Snowboards use a 3D Systems Vanguard laser sintering system to build on snow 
prototypes of snowboard binding components.  Nearly all the components for the binding 
mechanism on their boards can be replicated with laser sintering.  These parts are robust 
enough to be tested by Burton employees and professional level riders in real life 
situations.  Other health and fitness applications of laser sintering include prosthetic feet 
(South, 2010), high performance sprint spikes (Toon 2006), and foot orthososes for 
rheumatoid arthritis (Pallari, 2010).   
 
  
Figure 3.1 Applications of additive manufacturing (FOC 2010/Formero 2010) 
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The high investment required in machinery and materials makes a process like laser 
sintering difficult for small companies to justify.  However, the development of other less 
expensive additive manufacturing technologies and service bureaus continues to grow.  
An individual laser sintering machine may cost hundreds of thousands of dollars and 
typical prices for a common material like nylon-12 is roughly $80 per kilogram (EOS 
2010) with limited recycling ability.  The price point for basic 3D printers (using binders) 
is continuing to decrease and more mainstream printing brands are starting to break into 
the industry.  Hewlett Packard has recently entered the market partnering with Stratasys, 
the industry leader in fused deposition modelling (Ganapati, 2010).   
3.2. Laser	  Sintering	  
Laser sintering is an additive process in which 3-dimensional objects are built by applying 
layers of powdered material that are fused together by a laser beam.  Each layer is built 
from a specific geometry generated by a CAD input.  Figure 3.2 illustrates a typical 
internal machine setup.  The University of Texas patented the process and it was 
commercialized in 1992 by the DTM company (Wendel 2008).  The process has several 
strengths including the ability to process a wide range of powders including polymers, 
metals and ceramics and the capability to build parts with properties similar to those 
found through casting or injection moulding (Kruth 2007).  Other benefits are the ability 
to produce a wide array of geometries as well as potential for low volume manufacture.  
Some of the drawbacks to the technology include the material cost, difficulty replicating 
material properties (especially elongation at break) compared to standard processes, and 
lack of material selection.   When Rapid Prototyping technologies were first invented, the 
parts did not require robust mechanical properties because they needed to simply survive 
handling and have a reasonable surface finish.  Now as the processes transition from 
prototyping to manufacturing a more comprehensive understanding of materials is 
required to ensure consistency of mechanical properties, the development of new 
materials, and the full range of useable materials (Goodridge 2011).   
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Figure 3.2  Laser sintering internal machine schematic (Hopkinson 2006) 
3.3. Polymer	  Laser	  Sintering	  
Laser sintering of metals and ceramics is possible and there are specific systems to 
process them, however the focus of this investigation was on polymer materials.  
Polyamides (Nylon-12 and Nylon-11) are the most common materials used for polymer 
laser sintering and therefore much of the available literature is focused on the processing 
of these materials.   
 
3.3.1. Laser	  Sintering	  Process	  Sequence	  
Laser sintering of polymers is a multi-step process that is outlined in Figure 3.3.  Each 
level of the process will be discussed in detail in the paragraphs to follow. 
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Figure 3.3 Laser Sintering Process Steps 
 
3.3.2. Powder	  Preparation	  
Polymers processed by laser sintering are dry powders that typically have a range of 
particle sizes.  Commercial grade nylon-12 (the most common laser sintering material) 
has an average particle size of 56µm (EOS, 2009).  Most common laser sintering 
materials fall into a diameter range of between 45-90µm (Goodridge 2011).  The trade off 
with having smaller particles is that density and surface finish will improve but at the cost 
of introducing static forces that could make deposition difficult.  On the other hand, larger 
particles may not melt completely and can lead to high porosity parts.  While this can be a 
hindrance in some applications the need for porosity might be advantageous for parts like 
biological scaffolds.  The most common suppliers of polymer powder for laser sintering 
include EOS, 3D Systems, and ALM, but some researchers have experimented in 
polymerizing their own grade of nylon powders (Lim, 2007).  Depending on the type of 
polymer being processed there may be a requirement to control the moisture that can build 
up during shipping or storage.  This can be alleviated using an oven or other such heating 
mechanism.   
 
The build process takes place in a nitrogen controlled atmosphere with about a 1-5% 
oxygen concentration.  Excess oxygen exposure at elevated temperature can cause 
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oxidation and lead to discoloration. This has been observed in polyamide materials like 
Nylon-11 (Larson, 2010).   
 
The build takes place on a heated platform. Depending on the type of system being used 
the powder being deposited may or may not be pre-heated.  The determination of the 
appropriate bed temperature for a given material can be an iterative process and may take 
several attempts to find the optimum range.  With standard materials the material 
producer provides a standard set of operation parameters to guide the user.  In practice, 
there are a few guidelines that should be followed when selecting the appropriate 
temperature.  The bed temperature should not be so high as to cause unsintered powder to 
consolidate.  This can cause difficulty in recycling any unscanned powder.  If the bed 
temperature is too low parts may not exhibit the maximum mechanical properties.  By 
maximizing the bed temperature the operator can then minimize the amount of energy 
required by the laser, thermal differences between the sintered and unsintered zones, and 
the thermal expansion of the sintered region (Goodridge 2011).  Because of the inherent 
differences between different sintering platforms there can also be thermal gradients 
within the bed surface itself.  Goodridge (2011) and Tontowi (2001) reported on the 
thermal differences that can occur with a bed at different positions and showed how this 
could impact mechanical properties (Figure 3.4).  Integra, a laser sintering service 
provider in the US, in partnership with the University of Louisville have developed a 9-
zone heater.  This allows for independent control of nine different regions rather than the 
standard two zones in most conventional machines.  This can have an impact on the 
machine operator during part placement in so much as critical parts would likely be built 
towards the centre of the bed rather than the edges where a drop in temperature is likely to 
occur.  Another way to account for the temperature differences in different parts of the 
bed is through the adjustment of scanning strategies for different areas of different parts.  
Jain (2010) reported on a method to assign different scan strategies with a full 
understanding of the part being built to save weight, time, and cost.   
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Figure 3.4 Temperature distribution in an EOS P390 (Goodridge 2011) 
 
After a finished build there is a significant amount of unsintered powder that remains 
adjacent to the sintered parts.  Unsintered nylon-12 powder can be recycled and used for 
future builds.  The typical procedure for doing this is to blend the used material with 
unused or virgin material.  However factors like number of times recycled or build length 
have shown to affect the powders to a point where parts exhibit decreased mechanical 
properties (Pham, et.al 2008; Choren, et al. 2001).  Also, when using recycled material the 
process parameters (ie bed temperatures) may need to be adjusted.   
 
Davis et al. (2003) reported on the effect of repeated nylon-12 powder use in successive 
laser sintering builds The first build used commercial virgin/unused powder to create 
standard size tensile specimens. The remaining part cake was then recycled for a second 
build of tensile bars.  This process was repeated five times until there was not sufficient 
powder recovered from the part cake to create another build.  The results showed that 
mass flow rate of the used powder decreased from ~21g/10 min from 52 g/10 min for the 
virgin material.  This was an indication that there was a significant increase in viscosity 
during as powder was reused.  The tensile samples were tested after each build and after 
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the fifth build elongation at break had improved and tensile strength remained fairly 
constant.   
 
Solid state polymerization has been known to occur in semi-crystalline materials such as 
Nylon-12 by chain extension in the region above the glass transition temperature and 
below the melt temperature (Vouyiouka, et. al 2005).  These conditions are often met 
inside a machine while the unsintered powder is kept at a constant elevated temperature 
and can account for increases in molecular weight.  Majeweski (2008) tested the effect of 
preconditioning powder to initiate this aging effect on powder.  These results illustrated 
that there was a change in properties when polyamide was exposed to elevated 
temperatures for an extended period of time.  This could have the effect of increasing the 
molecular weight of the used materials.   
 
It is a common industry practice to mix virgin and used powder based on viscosity 
properties measured from a melt flow indexer.  This result is a compromise between the 
advantageous properties of high molecular weight leading to good mechanical properties 
but having the powder remain in a form that can easily be processed in the machine.   
Recycling powder enables users to maximize their powder supply and limits the cost of 
buying virgin material.  
 
3.3.3. Parameter	  Setup	  
Control of the process parameters is fundamental in producing and reproducing parts with 
quality mechanical properties.  Polymer powder is heated on the part bed inside the 
machine to a prescribed set point depending on its thermal processing characteristics.  The 
typical layer thickness is 0.1-0.2 mm although this can vary depending on the material and 
part specifications.  The slice thickness is reliant on both machine and material properties.  
One of the advantages of producing parts with larger layer thickness is that the build time 
will decrease allowing for more rapid turnaround time.  This can be implemented when a 
part may not need high surface resolution or optimum mechanical properties.  (Gibson & 
Shi, 1997)  Material properties that are important for processing include particle size, 
powder density, specific heat, and thermal conductivity while machine factors include 
laser power, bed temperatures, scan spacing, and scan speed (Gibson & Shi, 1997). 
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The laser power and scan rates determine how much energy is exposed to the layer of 
powder during each pass.  Even when building with the same material on the same 
machine there is a certain amount of trial and error involved in tuning a machine to 
produce quality parts between individual runs.  This can be due to machine differences 
that result in variable heat currents inside the build area and differences between batches 
of material.  Part orientation also plays a significant role in mechanical properties of 
finished parts due to the additive nature of the technology.  Anisotropic properties will be 
seen regardless of the polymer material being used.  Gibson (1997) reported the 
phenomenon for nylon in which higher properties will be obtained in specific build 
orientations.   The ASTM standard nomenclature for identifying part orientation has been 
defined as labelling the longest part direction first and following that with the next largest 
(Figure 3.5).  For example, a part with the longest build direction in the Z direction 
followed by the X direction would be characterized as being built in the ZX orientation.  
For tensile bars built in different orientations the mechanical properties tend to be 
maximized in the XY direction and decrease when built on edge in the XZ orientation.  
The weakest build orientation will almost always be ZX or ZY.  While direction is an 
important fact to consider the effect of section thickness, studied by Majewski (2011) 
showed that there was no significant effect on the tensile properties for specimens made 
of various thickness.   
 
 
Figure 3.5 Part orientation on a laser sintering machine 
 
Individual particles will experience several pulses of energy during each layer scan.  The 
beam intensity is distributed in a Gaussian manner outward from the centre of the laser 
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spot (Nelson, 1993).  In general, there is a trade-off for laser sintering polymers in which 
the high mechanical properties result in less accurate parts while higher accuracy leads to 
reduced mechanical performance.   The machine operator has the option of performing 
multiple scans on a single layer. This option is made at the beginning of the build and will 
result in a full layer of material being scanned the prescribed amount of times before a 
new layer of material is deposited.  For some materials this increases part properties 
however a significant drawback would be an increase in build time.   
 
Caulfield (2007) has shown that increasing energy density improves the mechanical 
properties of nylon up to a point where the polymer deteriorates (Figure 3.6).  By 
increasing the energy applied to the material, the viscosity is lowered and can result in a 
more fully consolidated part.  The decline in properties above a certain point was 
explained by deterioration of the material from too much energy being applied.  Figure 
3.6 only shows elongation at break but similar trends were seen with the other typical 
mechanical property measurements like tensile strength and Young’s Modulus.   
 
 
Figure 3.6 Effect of energy density on elongation at break for PA-12 (Caulfield 2007) 
 
In order for sintering to occur there must be enough energy applied to the powder to melt 
the particles.  It has been observed that partial melting and subsequently coalescence can 
occur.  This phenomenon was investigated by Zarringhalam (2009) and the term degree of 
particle melt was used to quantify the extent of consolidation with Nylon-12.  Higher 
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energy input into the system results in particles that have more fully melted.  Axial 
breaking force has been studied across different laser parameters that reinforced 
conventional understanding that lower scanning speed and higher laser power enhances 
mechanical properties (Topci, 2005).  If the wattage is tuned too low there could be 
insufficient energy to fully sinter layers resulting in poor part quality and mechanical 
properties.  Too high of laser power can result in out of area sintering which enlarges the 
parts beyond the specified dimensions (Kolossov, 2004).  This also leads to diminished 
physical properties.   
 
For a crystalline laser sintering material the bed temperature is kept just below the 
polymer’s melt temperature and conventional understanding for amorphous polymers 
suggests that the bed temperature should be set below the glass transition point (Gibson 
1997).  If the temperature is set too high the unsintered particles would coalesce and stick 
to the sintered parts.  These constraints suggest that the bed temperature should be set as 
high as possible to allow lower laser power.  This also reduces the chance of warpage of 
the parts that could occur when large temperature gaps arise between the powder in the 
build chamber and the powder being added after the laser sinters a layer. 
 
3.3.4. Part	  Construction	  
Unlike other additive processes such as stereolithography or fused deposition modeling no 
internal supports are needed because the un-sintered powder surrounding the part acts as 
the support system.  Parts are constructed layer by layer directly from CAD schematics.  
Depending on the sintering platform being used an intermediary step must be applied to 
slice the CAD file into individual cross sections.  These cross sections are the actual 
layers that can be seen by the operator while the laser interacts with the powder.   
 
Before the sintering of parts begins several layers of powder are deposited that serve as a 
base for part construction.  Once building commences a fresh layer of powder will be laid 
down after each laser sintered cross section.  The laser provides the energy to drive the 
material above its melting point.  The process repeats until all the parts are completed.  
Often build sequences can take several hours depending on the height of the parts being 
made.  The entire process from depositing a layer to sintering the cross-section usually 
takes about 20-30 seconds.  A roller or a blade are the two spreading mechanisms that are 
currently employed by commercial laser sintering machines and typically spread powder 
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at layer thickness of 0.1-0.15mm (EOS).  Once the machine parameters have been 
inputted and the powder loaded the laser sintering process can proceed unmonitored until 
the part cake has cooled sufficiently to be removed from the machine.  However the level 
of autonomy can change if new or non-standard materials are being run in the machine.   
 
Laser sintering machines offer the user the ability to make significant alterations in the 
processing parameters that are used to create parts.  Part of this built in functionality 
corrects for the variations seen from machine to machine but it is primarily due to the 
requirements of different materials.   
 
There have been several attempts to characterize the amount of energy being applied to a 
material during the process.  The first of these, called the Andrew’s Number (Equation 
4.1) combines the different energy inputs into a single energy density (Nelson J., 1993).   
Singh (2010) used this approach in computer simulation to study the average part density 
as a function of energy density with bisphenol-A polycarbonate.  Caulfield (2006) also 
used this characterization to compare the effect of increasing energy density on the 
mechanical properties of laser sintering Nylon-12.  Kruth (2005) used a similar equation 
incorporating layer thickness that resulted in a measurement in J/mm3 
 !"#$%&  !"#$%&' =    !"!!  ×  !"       ! !!! [4.1] 
where LP, SS, and BS are laser power, scan spacing, and beam speed, respectively 
 
One of the limitations of these approaches is that it does not take into consideration the 
initial bed temperature of the powder.  A more recent approach developed by Starr (2011) 
termed the Energy Melt Ratio (EMR) includes bed temperature and is a ratio of the 
amount of energy that is being applied over the amount of energy required to melt the 
powder.  EMR is the ratio of the applied energy density relative to the theoretical energy 
to melt a single layer of material (Starr 2009).  It is currently the most comprehensive and 
practical method to compare laser sintering parameters:  
 
 
!"# =    !×!!!!×!!×!!! !! − !! + ℎ! × !! (!!)  [4.2] 
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Energy Melt Ratio where P, Vc, Vs, VB, z, Cp, Tm, Tb, hf, δs, δd are laser power, scan count, 
scan spacing, beam speed, layer thickness, specific heat capacity, melting temperature, 
powder bed temperature, enthalpy of melt, material density, and packing density 
(respectively). 
 
Starr (2011) conducted a broad study on the mechanical properties of Nylon 12 which 
showed that correlations between laser and scan parameters creates a process window that 
enables variation of individual parameters.  A set of tensile specimens were built and 
tested using different process parameters including laser power, scan speed, and layer 
thickness.   This work also compared the two energy density functions (Andrew’s Number 
and EMR).  The trends resulted in low yield stress values at EMR values below 1.0.  This 
suggested that not full melting and in turn consolidation was taking place causing a low 
yield stress from 5-15 MPa.  In the EMR range from 1-3 the yield stress values plateaued 
around ~35 MPa, significantly higher than that of lower EMR.  The study also looked at 
how recycling had an impact on tensile properties.  There was almost no difference in the 
yield stress values at equivalent values of EMR for blended and virgin powder.   
 
The effect of increasing energy density on part mechanical properties was investigated by 
Caulfield (2006).  This work showed that tensile strength, modulus, and elongation at 
break generally increase with more input energy.  Ho (2003) obtained similar results with 
laser sintered bisphenol-A polycarbonate (PC) and Majewski (2007) showed the same 
pattern exists following High Speed Sintering.  These studies suggest that higher energy 
promotes more complete consolidation of powders during manufacture.  The link between 
sintering variables and component properties is the development of internal structure 
during thermal processing. Zarringhalam (2006) examined the microstructure of a laser 
sintered PA-12 part which showed un-melted cores within a spherulitic texture, an 
indication that insufficient energy was delivered to induce full melting.   
 
There have been several other studies that have investigated thermal phenomena during 
the laser sintering process.  Childs (2000) and Dong (2008) created two-dimensional and 
three-dimensional finite element simulations of the laser sintering process, respectively.  
Online optical temperature monitoring has also been measured by Chivel (2010) for the 
process on customized machines.  Williams (1998) modelled the effect of various 
machine parameters on the laser sintering process.  Wiria (2010) modelled the heat 
transfer process during laser sintering for tissue engineering scaffolds.  Using optical 
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thermography it was shown that temperatures in the central part of the incident laser could 
increase by as much as 20ºC with the addition of 1 Watt on the laser power setting (Wiria, 
2010).   
 
In most cases however it is possible to greatly exceed the minimum energy input into the 
polymer powder either by changing the temperature of the powder bed, laser energy, or 
scan speed.  The advantage of higher energy input is that it can lead to higher 
consolidation and stronger parts.  However Caulfield (Figure 3.5) has shown that there is 
also an upper limit for energy input that once breached, results in worse mechanical 
properties.   
 
3.3.5. Post	  Build	  Procedures	  
After the build concludes the finished parts are contained in a cake of unsintered material.  
There is a cooling period once the parts have been completely sintered that takes several 
hours.  The cool down process reduces the risk of finished parts losing shape and can 
make the part cake removal less difficult.  The final step of the sintering process is the 
removal of the parts.  This can be time consuming depending on the intricacy of the part 
and the sintering parameters.  Usually this is done by hand with a brush or with a bead 
blaster that uses compressed air to propel a hard media at the part to remove unsintered 
powder.  Hopkinson (2004) investigated the effect of post processing parameters on the 
mechanical properties of laser sintered polyamide parts.  Some common post processing 
techniques include isostatic pressing, painting, infiltration, and vibrofinishing.  These 
procedures can improve the cosmetic look of parts but they may not have an effect on the 
overall mechanical properties.  Additional post processing is a significant drawback if 
comparing laser sintering to conventional processing mechanisms.  The time and facilities 
required to improve parts through post processing can be costly. 
 
3.4. Laser	  Sintering	  Materials	  
Laser sintering has the widest array of processable materials compared to the other 
Additive Manufacturing methods.  Theoretically any material that can be found in a 
powdered form and melts with increasing temperature can be sintered.  This includes 
polymers, metals, ceramics, and composites of the two.  An additive processes like 
Stereolithography is limited to photopolymers and inkjet processes (3D Printing) are more 
resin based (Kruth 2007).   However, one of the difficulties with laser sintering materials 
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is the ease of use.  The fact that the material needs to be fed as a powder into the machine 
requires specific handling and in some cases separate feed machinery.  This can be an 
additional expense for the users of the technology.  In contrast, a 3D printing technology 
like the Objet Connex 500 system that uses a UV curable resin to construct parts, requires 
only cartridges of material.  This makes the process much more user friendly and reduces 
the time spent handling the materials.   
 
Even if a material can be sintered it does not definitively mean that it would produce 
quality parts in the laser sintering process.  Factors like cost, availability, chemical 
resistance, and thermal properties are a few of the items that have been suggested in 
determining whether a polymer is potentially viable for laser sintering.  van Elsen (2008) 
identified over 50 material and process parameters that could be a source of variability in 
the laser sintering process. Controlling these variables has large implications on part 
repeatability and comparison of parts between companies and research groups.  This 
makes material selection even more challenging because a material may only work on a 
narrow combination of machine parameters.  However, the time required to optimize that 
set of parameters could be quite long.  
Currently engineers and designers using laser sintering machines are limited because they 
do not have the freedom to replicate a wide range of performance properties.  Although 
they are less constrained by geometric complexity, they are constrained by the narrow 
scope of properties that each laser sintering material offers.   
 
The operator also needs to consider such factors as part orientation and part placement.  
Depending on the specific use of the parts the long-term application of the form could 
dictate the ability of the part to retain mechanical properties seen directly out of the 
machine.  Long-term exposure to moisture is one of these parameters has been shown to 
affect the mechanical properties of laser sintered polyamide parts (Goodridge, et al. 2010).  
Figure 3.7 illustrates the gap in material properties between moulded and laser sintering 
materials.  Looking at laser sintered Nylon-12 versus injection moulded Nylon-12 the 
difference in properties is quite significant for Elongation at Break.  The same trend holds 
true for the Nylon-11 (ALM D80) and the more flexible materials.  From the users 
perspective the most important characteristics that they are looking for in their parts are 
accuracy, surface roughness, mechanical strength, elongation, cost, and build time 
(Borille, 2010) 
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Figure 3.7 Comparison of elongation at break for LS and Injection Moulded Parts 
 
The reported mechanical property data for laser sintered PA-12 in certain cases does 
perform favourably compared to the injected moulded material.  Hitt et al. (2011) 
performed a study comparing the fracture toughness of specimens processed using both 
methods at increasing thicknesses.  The trend (Figure 3.8) showed that laser sintered 
specimens actually required more energy to initiate crack growth at higher thicknesses.  
This was explained by an increase in molecular weight that occurs during the melt phase. 
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Figure 3.8 Energy to Initiate Crack Growth in Laser Sintered and Injection 
Moulded PA-12 (Hitt 2011) 
Dynamic mechanical testing has revealed a further mechanical limitation of nylon based 
laser sintered parts.  When the part is loaded repeatedly it increases temperature and can 
ultimately reach its glass transition point (22-55°C depending on the grade of nylon).  
This results in faster fatigue because the material no longer retains its original rigidity 
(Van Hooreweder, 2010).   This is not only a problem limited to materials processed by 
laser sintering however it is a factor to consider when selecting the right material for the 
correct environment.   
 
Most mechanical tests of laser sintered parts end up destroying the specimen.  This can be 
costly if the part is designed for an end use application. Griessbaach (2010) proposed a 
dynamic dye method that uses a correlation between density and tensile strength with 
subsequent colour gradients as a result of dying.  Figure 3.9 shows how theory behind the 
method as well as an application on an end uses part.  Beard et al. (2011) used near 
infrared spectroscopy to record the changes that occur to the surface finish using various 
laser parameters.  The author was able to correlate more complete consolidation with 
smoother surfaces and lower diffuse light reflectance measured with near infrared 
spectroscopy.   
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Figure 3.9 Non-destructive dynamic dye testing of end use parts (Griessbaach 2010) 
 
The following sections detail polymer materials that have been sintered along with a brief 
description of their primary uses and limitations.  For simplicity, a distinction between 
semi-crystalline and amorphous materials has been made to describe the polymers 
mentioned in the next section.  The categories of ‘semi-crystalline’ and ‘amorphous’ have 
been designated based on molecular structure.     
3.4.1. Semi-­‐Crystalline	  Polymers	  
Semi-crystalline polymers, such as polyamide, have inherent molecular structure that 
enables the chains to form regions of ordered configuration.  In a semi-crystalline 
material, there will be both crystal and amorphous regions.  This is determined by the 
secondary bonding characteristics of the individual polymer constituents as well as the 
size of the subunits, chain flexibility, and molecular branches (Chanda 2009).  The extent 
to which a material has crystal zones is deemed the percent crystallinity and is controlled 
by the thermal history of the material, specifically the rate at which the material solidifies.  
A long cooling period allows molecules to arrange themselves in ordered configurations 
while a fast cooling rate forces chains to freeze in a more random manner.   This concept 
forms the foundation of the reasoning behind the long cooling down times required for 
laser sintered polyamide parts.   
 
One of the reasons that semi-crystalline polymers like Nylon-12 are successful in laser 
sintering is the rapid drop in viscosity once the crystalline regions are heated.  Figure 3.10 
illustrates this rapid decrease compared to an amorphous material ABS.  Figure 3.11 
explains this change further in the difference in specific volume change in an amorphous 
versus crystalline material.   
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Figure 3.10 Viscosity change of PA12 and ABS (Drummer 2010) 
 
 
Figure 3.11 Effect of temperature on specific volume for amorphous and semi-
crystalline materials (Gibson 1997) 
Crystalline polymers have a distinct thermal pattern in which there is a sharp melt and 
recrystallization point.  One of the tools used to characterize the thermal behaviour of 
polymer materials is Differential Scanning Calorimetry.  Drummer (2010) has used the 
techniques heating and data collection capabilities to simulate the effect of cooling rates 
on crystallization that can occur during laser sintering. The melting and solidification 
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thermogram profile of an amorphous and semi-crystalline materials are shown in Figure 
3.12.   
 
 
Figure 3.12 DSC Thermogram of a semi-crystalline and amorphous material 
 
Because there are two sharp peaks for melting and crystallization the determination of the 
processing temperatures is fairly evident in comparison to a powder that has more gradual 
transitions. The control of thermal exposure dictates the effectiveness of sintering between 
layers and ensures layers do not solidify and shrink too quickly, which can cause part 
warpage.  Very often the process window for laser sintering is described as the 
temperature difference between melting and solidification.  For example, Nylon-12 melts 
around 185°C and resolidifies around 150°C.   The crystallization process in polyamide 
was described by Pham (2008).  Nucleation begins in the amorphous region and this 
results in more ordered areas of chain orientation.  Spherulites grow around the nucleation 
sites during the cooling process.   
 
For a more amorphous material like ALM TPE-210s that does not have sharp melt 
transitions the difference between bed temperature and melt temperature is much greater 
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because small amounts of material could begin to melt at lower temperatures causing 
issues with layer deposition.   
 
Ultimately the goal of polymer sintering is to produce parts with good mechanical 
properties.  This is directly related to minimizing part porosity and maximizing part 
density.  The control of thermal conditions once the laser sinters a part determines how 
quickly the liquid recrystallizes which then affects both in-plane and inter-layer particle 
consolidation.   
 
Companies often offer several grades of nylon-based materials including Nylon-12, 
Nylon-11, and a variety of composite materials.  The following tables outline the 
commercial market for laser sintering polymer materials.  Table 3.1 identifies and 
compares the mechanical properties of major brands of polyamide non-filled materials.  
Table 3.2 further identifies the filled polyamide materials.  The filled materials can 
enhance mechanical properties such as stiffness as illustrated by (Majewski, 2008) who 
compared the effect of increasing the percentage of glass filled particles in laser-sintered 
parts for footwear applications. Other attempts to improve part characteristics have been 
done through the addition of micron-sized fillers like silicon carbide (Hon 2003 and Gill 
2004), aluminium powder (3D Systems, EOS), and hydroxyapatite (Wiria 2007).  Smaller 
nanoscale fillers have also been used including carbon fibres (Floersheim, et al. 2009), 
nanosilica (Chung 2008), and clay (Jain 2009).    Not only has it been shown that fillers 
can, in some cases, enhance the mechanical properties but Wang (2005) also discussed 
how fillers could improve laser absorptance.   
 
Polymer 
Type Trade Name 
Melt Point 
(°C) 
Tensile 
Strength 
(MPa) 
Elongation at 
Break (%) 
PA12 EOS PA2200 172-180 45±3 20±5 
PA12 3DS Duraform 184 43 14 
PA12 ALM PA650 181 48 24 
PA11 EOS PrimePart DC 187 50 48 
PA11 3DS Duraform EX - 48 47 
PA11 ALM D80ST 186 46 38 
 
Table 3.1 Commercial polyamide powders (ALM, EOS, and 3D Systems Data Sheets) 
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Although polyamides dominate the commercial market there are other crystalline 
polymers that are available (Table 3.2).  Laser sintered PEEK is a high mechanical 
strength material that is used in a range of applications (including medicine and 
aerospace) where good temperature, chemical, and wear resistance is required.  Schmidt 
(2007) explored the process parameters involved in processing the material.  Other 
polymers have been researched for academic purposes including many composite blends 
for biocompatible tissue scaffolds (Tan, Chua, Leong, Naing, & Cheah, 2005).  The 
general trend of crystalline polymer development in the literature is for further 
understanding of known polymers (like Nylons) or engineering new materials for 
biomedical applications.  Many of these cases have utilized blended multiple polymer 
powders in hopes of tailoring the material for both end use functionality and 
processability.  Limited work has been conducted on elastomer materials.  Dupont Somos 
was an early laser sintering elastomer material (Hardro, et al. 1999).  Another elastomer 
material, Sintaflex, was reported on by Gideon Levy during the SLS User Group 
conference in 2005.  The details of the presentation were not released in the conference 
proceedings. 
 EOS GmbH 3D Systems ALM 
Unfilled PA PA2200/01, PA2202, PrimePart, PrimePart DC Duraform PA PA650, PA250 
Filled PA Alumide, Carbonmide, PA 3200 GF,  
Duraform HST, 
Duraform GF 
PA614 GS, PA616GS, 
PA601CF, PA620MF, 
PA605A, PA802CF, 
PA840 GSL 
Casting Primecast 101 Castform PS PS100, PS200 
Elastomers Prime Part ST Duraform Flex ALM TPE-210s 
Fire 
Retardant PA2210 FR Duraform FR FR106, PA606-FR 
Other EOS PEEK HP3 - - 
 
Table 3.2  List of commercially available laser sintering materials 
3.4.2. Amorphous	  Polymers	  
Unlike semi-crystalline polymers the molecular chains in amorphous polymers are 
arranged themselves in a random manner.  Subsequently when an amorphous polymer is 
heated, there is not one fixed melting point, rather the transition to a liquid is more 
gradual as illustrated in Figure 3.12.  The glass transition temperature is the point at which 
the material starts to undergo conformational changes resulting in a shift from fixed 
molecular chains to movable chains that can flow.  The same occurs for the cooling 
process.  This is important for laser sintering because as an amorphous polymer is sintered 
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there is no large drop in relative volume as the powder solidifies and it results in more 
dimensionally stable parts.  The two most common amorphous materials used in laser 
sintering are polystyrene and polycarbonate and are mainly used for investment casting 
purposes.  However, some of the elastomer materials that are on the market tend towards 
an amorphous structure as well.   
 
Similar to crystalline materials as the laser power is increased particles are able to sinter to 
a higher degree and parts exhibit better mechanical properties (Shi, 2008).  Even under 
optimal sintering conditions (bed temperature and laser wattage) there remains a 
significant amount of part porosity of the sintered parts as seen in Figure 3.13. If the laser 
wattage exceeds a certain level it can lead to polymer degradation and a reduction of 
mechanical properties.  Table 3.3 shows the mechanical properties of three common 
amorphous materials processed using laser sintering.   
 
 
Figure 3.13 SEM of High Impact Polystyrene (Shi 2008) 
 
 
Material Tensile Strength (MPa) Elongation at Break (%) 
Polycarbonate 1.10 5.05 
Polystyrene 1.57 5.03 
High Impact 
Polystyrene 
4.59 5.79 
Table 3.3 Mechanical properties of amorphous materials processed by laser sintering 
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. 
3.4.3. Elastomer	  Laser	  Sintering	  Materials	  
Unlike the standard polyamides, commercially available elastomers are multi-constituent 
materials.  Additionally, since they are developed commercially their exact ingredients are 
usually a protected asset.   Most of the laser sintering market revolves around nylon-based 
materials. There has been limited release of elastomer materials for the process.  The 
commercially available products are restricted to the ones shown in Table 3.2 and are 
typically much more expensive than their nylon counterparts.   
 
Fundamentally the drive behind producing an elastomeric powder is to satisfy the need for 
designing parts that retain high strength and toughness (resistance to fracture when 
stressed).  While polyamide based parts are quite robust and have been built for user 
applications, their flexibility performance is limited.  Figure 3.7 compares the elongation 
at break of various laser sintered materials and includes average values from common 
injection moulding grades of materials.   
 
3.5. Material	  Selection	  
Several material properties are often cited as important factors to consider when using 
laser sintering technology however there is no single consensus in the literature on the 
appropriate measures that need to be taken to develop new materials.   From a commercial 
perspective profit is driven by polyamide (and filled polyamide) however the main 
material suppliers do sell more niche materials at a smaller volume and higher price.   
 
Evans, et al. (2005) outlined some basic parameters that filter out a selection of materials 
being considered for the process.  The work was done with a focus on binding materials.  
These include the polymers being: 
 
1.  Available in a powder form 
2.  Having a melt point below 200ºC 
3.  Powder flows like sand rather than baking powder 
4.  Melt and cool (will adhesion occur) 
 
It can be difficult to find a wide array of materials in a powdered form suitable for laser 
sintering.  Most laser sintering systems create parts using a layer thickness of 0.1-0.15mm.  
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In order for suitable melting and layer consolidation to occur the particles must be smaller 
than the layer thickness being used.  There are two common ways of producing polymer 
powders on the order that is required for laser sintering, precipitation and cryogenic 
milling.  Both can be expensive processes depending on the amount of material being 
created.  For most commercial materials the polymer is precipitated into sphereical 
particles.  The shape of the particle can affect flow and sintering.  In a process such as 
cryogenic milling the particles are not spherical and are generally more jagged.  This can 
lead to a poorer surface finish compared to a part build with spherical particles.  Lim 
(2007) experimented with manufacturing laser sintering polyamide powder by a high 
pressure wet process which resulted in higher bulk density and a more narrow size 
distribution at the cost of more jagged particles.     
 
Newer laser sintering machines have higher temperature ceilings than when the Evans 
work was presented.  PEEK for example is now used in the process and it has a melt point 
around 343 ºC.  The concept of powder flow is a parameter that relates back to the thermal 
and physical characteristics of the powder. Also, flow properties must be maintained from 
room temperature to a high temperature as close to the melting point as possible to lead to 
limit porosity and volume distortion.  Flow agents are sometimes used to enhance a 
polymer’s flow characteristics during the laser sintering process (Clausen, 2000).   
 
The in-machine flow of polymer powders is one of the features that will determine how 
well the powder functions during the process.  The control of the particle distribution not 
only affects the flow of the powder but how the laser interacts with the particles and the 
resulting melt.  Kolossov (2006) studied and quantified different techniques of powder 
deposition to gain a further understanding of how this variable can be compared between 
materials.  Salmoria, et al. (2007) used characterization techniques like FTIR and x-ray 
diffraction to dissect particle conformation and crystallization of polyamide blends.  The 
interaction between the laser and powder is another important factor to consider.  The 
ability of the powder to effectively absorb energy can have an effect on wattage and bed 
temperature set points (Tolochko, et al. 2000).  In laser sintering a direct beam CO2 laser 
with wavelength of 10.6λm applies energy to the material to take it above the melting 
point and to consolidate the specified area.  The energy absorption during the interaction 
of the laser with the polymer occurs via molecular vibration (Tolochko, et al. 2000).  Most 
polymers are insulators so there are no free electrons that would illicit an optical response 
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as seen with metal laser sintering (Tolochko, et al. 2000).  Another difference between 
laser interactions with metals and polymers is that absorption improves with increasing 
wavelength for polymers while the opposite is true in metals (Tolochko, et al. 2000).   
After a layer of powder is sintered another layer of material is deposited onto the build 
using a counter-rotating roller or a blade.  Normally, the absorbance for laser sintering 
processes exceeds 90% (Dong 2008, Franco 2010, and Childs 2000).  
 
Melt flow properties are also dependent on the polymer’s viscosity.  A polymer’s 
viscosity is directly related to the molecular weight of the chain.  Intuitively longer chains 
will inhibit flow of a polymer melt.  The molecular weight of the polymer can be affected 
while inside the machine if temperature and atmospheric conditions are favourable for 
chain extension reactions.  Shi (2004) used the Frenkel sintering model as a way to 
investigate the effect of molecular weight on the quality of laser sintered polystyrene 
parts.  The author reasoned that a theoretical melt viscosity of 60 Pa from literature values 
of surface energy, previously observed sintering speed of 20ms, and particle size of 100 
µm.  However, most polymers only approach this value at high temperatures above their 
melt point.  The lower melt viscosity can lead to increased part density but this can be 
controlled by the temperature distribution inside the machine.  Nelson (1993) stated that 
in general, viscosity usually decreases by a factor of two for every 25o Celsius.  The key is 
to optimize a material’s molecular weight characteristics so that the there is a balance 
between mechanical properties and sintering capability.  This directly affects the 
solidification and warpage of parts.   
 
Thermal mapping using digital scanning calorimetry can provide the user with a clear 
image of the phase changes that occur in a material as it is heated and cooled.  A DSC 
only requires a small amount of material.  The material is heated and cooled at a steady 
rate and the heat flow required to maintain the rate is measured (Hohne, 2003). It has been 
suggested that a large super cooling range (temperature between the peaks) of material is 
necessary for successful laser sintering.  An example of this is with Nylon-11 and Nylon-
12.  Nylon-12 has two sharp melting and recrystalization peaks with a spacing of 
approximately 40 degrees.  Nylon-11 also has two distinct peaks but they are not as sharp 
that results in a smaller super cooling range of about 26 degrees.  This spacing between 
the melt and solidification temperatures is often referred to as the process window.  The 
implications of this in a practical sense are that Nylon-11 can be more susceptible to 
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heating fluctuations and overheating of parts while it is being processed.  It is less 
common to see two sharp melt peaks with amorphous and elastomer materials.   
 
Early attempts at formulating polymers focused on the strategy of finding a polymer that, 
when sintered, will yield a fully dense part.  This approach has seen limited achievement 
and as Dickens described in US Patent 5,527,877 more success was established trying to 
produce a mass of particles that have been engineered for delivery in the laser sintering 
machine.  For example, the methodology to take a material that works in other process 
like injection moulding and use it directly in laser sintering has not been developed.  
Goodridge (2010) attempted to use UHMWPE, a material known to produce parts with 
favourable mechanical properties with injection moulding, into a laser sintering 
environment with some success.  Consolidation mechanisms in laser sintering are much 
different and the assistance of pressure in the injection moulding process allows for more 
fully dense parts to be manufactured. 
 
There have been attempts in the literature to describe the process of developing new 
materials for laser sintering.  Several authors have used statistical methods to optimize 
processing parameters for mechanical properties when introducing new materials (Dingal,  
2008) (Chatterjee, 2003).  This can be a long process depending on the type of material 
because of the effect changing one parameter like bed temperature can necessitate a 
change in scan spacing or laser power.   
 
Other researchers have taken the approach of modelling thermal behaviour seen in the 
process (Dong 2008, Kolossov 2004, Childs 2009).  Evans (2005) gives a proposed 
outline of a selection process on a very general level (Figure 3.14).  However, Evans 
states in the paper that at the time the current understanding of laser sintering limits the 
design cycle making many steps (especially while in-machine testing is occurring) both 
costly and time consuming.  The suggestion is made that a greater understanding of 
thermo-rheological properties needs to be coupled with the understanding of heat transfer 
and sintering inside the machine.   
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Figure 3.14 Methodology for laser sintering powder selection (Evans 2005) 
One item that adds difficulty of testing new materials is the powder requirement to 
operate a build.  Often it can be more expensive to produce small amounts of material 
rather than large quantities due to the machinery involved.  Attempts have been made to 
use machine inserts that allow for building to proceed with the use of small amounts of 
material. (Goodridge 2011).  However this method may not correlate directly to larger 
scale builds.   
 
Compared to more conventional processes like injection or rotational moulding polymer 
laser sintering is quite new and continues to evolve.  This section aimed to provide an 
overview of the laser sintering space by putting the technology in context with other 
Additive processes, outlining how the machine works, and the current state of materials 
development.  It is clear from both and industrial and academic literature that there is 
opportunity for further understanding of the process to implement new materials for laser 
sintering.   
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4. Literature	  Review:	  Polymer	  Degradation	  
 
4.1. Polymer	  Degradation	  Definition	  
Polymer degradation is defined as changes in physical properties caused by chemical 
reactions including chain scission in the backbone of the macromolecule (Schnabel, 
1981). Chain scission in linear polymers (Figure 4.1) leads to a drop in molecular weight 
but this process can be complicated in biopolymers where breakdown of constituents can 
result in simultaneous reactions that occur as the main chain degrades (Schnabel 1981).   
 
 
Figure 4.1Example of polymer chain scission 
 
Polymer degradation can be initiated through several mechanisms (Schnabel 1981).  
• Thermal:  occurs due to the exposure of polymer to elevated temperatures.   
• Chemical: degradation of a chemical nature is induced by acids, bases, or other 
solvents 
• Photochemical: light induced degradation caused by irradiation through UV or 
visible light 
• Radiation: Gamma or X rays can induce degradation and alterations of polymer 
materials 
• Biological:  Microbial organisms can attack and break down polymers 
• Mechanical:  macroscopic effects resulting from applied shear forces 
4.2. Measurement	  Techniques	  for	  Degradation	  
Thermogravimetric analysis (TGA) is one of the most common means of assessing 
thermal degradation in materials.  TGA is a measurement of weight gain/loss as a function 
of temperature and time using a highly sensitive microbalance (ASM International 2003).  
Typically polymer samples ranging from 10-20mg are examined from room temperature 
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to decomposition or pyrolysis temperature in a nitrogen atmosphere (ASM International 
2003).   This testing method allows for comparison not only between materials but also 
can give insight into lifetime predictions, moisture content, filler content, and volatility 
with a material.   
 
The TGA setup can be modified to include spectroscopy, which enables the identification 
of compounds being released throughout the degradation process.  This technique can 
clarify the degradation kinetics and pathways for thermal degradation.  Other test methods 
like thermomechanical analysis couples the property breakdown of a material by 
measuring the dimensional shift as a function of time or temperature (ASM International 
2003) 
4.3. Thermal	  Polymer	  Degradation	  
There are a number of thermal properties that are relevant for the application of polymers 
in engineering.  These include long term heat resistance, which applies to the required 
temperature a part must withstand throughout its expected lifetime (ASM International 
2003).   Heat deflection temperature is a maximum temperature that a part can withstand 
before losing structural integrity (ASM International 2003).  Other key parameters include 
thermal conductivity and thermal expansion.   
 
One focus of the experimental work to follow was the thermal degradation that occurs 
during the processing of polymer powders in laser sintering.  The exact mechanisms of 
polymer degradation are unique to the material and environment that it is treated in, 
however the process follows one or more of the following pathways (Ghosh, 2000).  
These include the breaking of the main polymer backbone, the rupture of side or branch 
fragments, and cross linking.  When a polymer chain undergoes scission it will likely 
result in a molecular weight loss.  While this can increase the melt viscosity it can also 
reduce mechanical properties of parts by making the finished product more brittle.   When 
side chains, branches, and cross-links evolve through the degradation process it can result 
in an increase in viscosity (Colin, et al. 2006).  This can make processing more difficult.  
There are several different ways that polymer degradation can be initiated.  The most 
obvious would be exposure to a heating regime that is above the thermal stability region 
of the polymer.   
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Figure 4.2 shows the effect of temperature on mass loss for a polymer powder.  High 
temperature causes chain breakdowns to release most of the starting mass of the material 
through volatile compounds evaporating.  This is an example of a 1-step degradation 
process where only one component is present in the material.  A multi-component system 
would reveal additional inflection points correlating to the amount of each constituent 
present. 
 
 
Figure 4.2 Theoretical example of a single constituent TGA plot of weight loss vs 
temperature for a polymer material 
 
Degradation can also occur if a material is exposed to an elevated temperature for an 
extended period of time.  Vail, et al. (1996) investigated the degradation of PMMA as a 
binder for laser sintering of ceramics and tested the response of isothermal temperature on 
the degradation of a material.  The thermogravimetric data tested the polymer thermal 
stability for five different temperatures from 290-350°C for three hours.  There was a 
clear trend of more rapid polymer deterioration (ie weight loss) at higher exposure 
temperatures.  The study was focused on applications for green laser sintered parts, 
nevertheless exposure to elevated temperatures has shown to effect the molecular weight 
of Nylon-12 powders in the machine during an extended build.   
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During laser sintering it has been found that Nylon-12 chains can actually increase in 
molecular weight (Figure 4.3).  The reason for this is that after initial melting by the laser 
the material is held at a temperature conducive to initiating polycondensation reactions 
(Vouyiuka et al., 2005).  Gornet et al have also reported increases in melt flow rate with 
continuous recycling of PA12 material (2006).   
 
 
Figure 4.3 Molecular weight change during laser sintering (Haworth 2010) 
 
4.4. Degradation	  of	  Polyamide	  
Because the details of thermal degradation are material dependent the following section 
will use the example of Nylon-12 as a vehicle to discuss more detailed kinetics.  The 
testing atmosphere plays a significant role in the speed and mechanism of degradation.  
The laser sintering process typically takes place in a high nitrogen regime approaching 
95% nitrogen versus 5% air.  The majority of work done on the degradation kinetics of 
polyamide has been done in either full nitrogen or open air atmospheres.   
 
Previous studies have shown that the typical gasses evolved from the degradation of 
polyamide include CO2, CO, H2O, NH3, and HCN to a small extent (Herrera 2001).  
While the products of the degradation are consistent between the various polymers in the 
polyamide family the exact mechanism of breakdown is unique to the individual nylons.  
Identifying the exact components of degradation in polyamides can be difficult because 
there could be parallel degradation pathways occurring at the same time (Ballistreri, 
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Garozzo, Giuffrida, Impalomeni, & Montando, 1988).  Nylon-6 primarily forms 
caprolactam as well as other oligomeric and vinyl chains while cyclic and monomer 
lactams are the primary products of nylon-12 (Herrera 2001).   Caprolactam and other 
lactams are the often used in the synthesis of nylon materials (Figure 4.4).    
 
  
Figure 4.4 Chemical structures (a) lactams and (b) caprolactam 
 
Measurements of degradation components can be taken using a combination of TGA and 
gas chromatography.  The breakdown can be generally thought of in terms of Equation 
4.1 where a solid sample is heated and as the temperature rises volatile compounds are 
released.  For most polymers the Asolid will likely be fully decomposed by 600ºC.   
 
                                Asolid →   Bsolid + B’gas [4.1] 
General thermal degradation equation 
Ballistreri (1988) listed the structure and thermal stability of several polyamides.  The 
temperature cited in Table 4.1 lists the temperature at which the maximum amount of 
polymer is decomposing.  Table 4.2 list the activation energy (Ea) of PA12 and PA6 in a 
nitrogen atmosphere.   
 
Nylon Repeat Unit Temperature at Max Degradation 
PA-6 -[NH-(CH2)5-CO]-n 425º 
PA-11 -[NH-(CH2)10-CO]-n 440º 
PA-12 -[NH-(CH2)11-CO]-n 480º 
Table 4.1 Structure and thermal limit of nylon (Ballisteri 1988) 
 Activation Energy 1 (kJ/mol) Activation Energy 2 (kJ/mol) 
Nylon-6 162 476 
Nylon-12 2208 260 
Table 4.2  Activation energy for degradation in PA-12 and PA-6 
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Using TGA it is possible to calculate the activation energy of the thermal degradation 
process.  The Kissinger method (outlined in Eqn. 4.3) uses degradation data from TGA 
treatments at various heating rates to determine the activation energy (Kissinger, 1957).   
Figure 4.5 shows an example of this technique used in calculating the activation energy of 
nylon-6 mixed with clay nanoparticles tested at heating rates of 5 ºC, 10 ºC, 20 ºC, and 
30ºC per minute.   
 !" !!!!"# = −!!! 1!!"# +   !" !"#(1− !!)!!!!!  
 
[4.3] 
Kissinger Equation 
 
The activation energy (Ea) is computed through the temperature at maximum degradation 
(Tmax) for a given heating rate (β) assuming that weight loss percent at Tmax (αm) is 
constant and where A is the pre-expontial factor and R is the gas constant.  The absolute 
value of the slope in Figure 4.5 is the activation energy for the tested polymer.   
 
 
 
Figure 4.5 Application of Kissinger method for Ea degradation Pramoda (2003) 
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An intermolecular decomposition process is responsible for the breakdown of polyamides.  
Using a combination of thermogravimetic, gas chromatographic techniques, and kinetic 
analysis software there have been attempts by (Herrera, Ballisteri, and Ghosh) to outline 
the chemical reactions that occur during degradation.  Ghosh (2000) proposes a stepwise 
breakdown of the chain for a non-specific polyamide.  The increase in temperature causes 
the formation of radicals (atoms with unpaired electrons) along the chain.  This causes a 
chain reaction in the molecule driven by the presence of molecules in the atmosphere as 
well as increasing temperature.  One of the main difficulties in this process is the 
decoupling of degradation of the main molecule chain when smaller molecules break off 
and start to degrade as well.  
 
Herrera found that in nitrogen weight loss for polyamide takes place in the range of 350-
475ºC.  This is seen in both nitrogen and air atmospheres but an additional weight loss 
period is seen in air for the range of 475-600ºC.  A pyrolysis study on the materials also 
revealed an additional weight loss step when the char from the material decomposed.  
This occurred at temperatures exceeding 600ºC.   
 
4.5. Degradation	  of	  TPU	  
A portion of the following experimental work involved a thermoplastic polyurethane 
(TPU) trade named Elastollan.  Therefore a discussion of the degradation qualities of 
TPU’s is necessary.  Thermoplastic polyurethanes are extensively used in a wide variety 
of applications requiring a diverse set of mechanical properties from high impact strength 
to solvent resistance (Hernandez, Effect of Degradation During Processing on the Melt 
Viscosity of a Thermoplastic Polyurethane, 2008).  TPU’s are linear segmented co-
polymers that are composed of hard or soft segments.  Polyester or polyether polyols are 
reacted with isocynates to form TPUs (Hassan, 2006).  The polymer has applications in 
many industries such as sports and leisure, military, health and safety, and electronics 
(BASF).  The basic outline of polyurethane is shown in Figure 4.6.  
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Figure 4.6  Chemical structure of a typical polyurethane 
The molecule can be engineered by changing the ratio of hard to soft segments as well as 
the exact composition of the soft segments.   The hard segments are held together by H-
bonds that form physical cross-links.   At elevated temperatures these cross-links become 
mobile at and enable the material to be processed by conventional methods such as 
injection moulding or extrusion (Hernandez 2008).   
 
Most TPU’s degrade at fairly low temperatures less than 200-300ºC because the urethane 
linkage becomes unstable slightly above the melt point of the polymer (Herrara 2002).  
There are three main pathways for degradation of the urethane linkage (Herrara 2002): 
1.  Dissociation to isocynate and alcohol 
2.  Dissociation to primary amine, olefin, and CO2 
3.  Formation of secondary amine with the elimination of CO2 
 
CO2 has been found to be the most abundant product during the first step of degradation 
in nitrogen.  This is the result of the scission of urethane linkages.  The second 
degradation stage is much more complex products from the polyol segment (Herrara 
2002).   There are potential harmful aromatic diamines that have been reported as 
degradation products from TPUs based on the aromatic diisocynate however whether the 
concentration of these products is high enough to cause a physiological response is still 
debated (Hassan 2006).  Nevertheless several TPU’s have been integrated into 
biodegradable implantable components and TPU’s synthesized to produce non-toxic 
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products have been developed (Hassan 2006).  In certain cases heating above the melt 
point can induce oxidative degradation and cross-linking (Guangyu 2003).  This manifests 
itself in an increase in viscosity above the melt point.   
 
4.6. Degradation	  in	  other	  polymer	  processes	  
The main obstacle in polymer processing is overcoming high melt viscosity.  This applies 
for most processes from injection moulding to laser sintering.  Melt viscosity can be 
reduced by increasing temperature but at the cost of mechanical and economic 
consequences.  In rotational moulding typical temperatures are set high but exposure at 
these settings only occurs in short temperature cycles (Rao & Throne, 1972).  This serves 
to limit degradation along with keeping the process contained in a controlled CO2 or N2 
atmosphere.   
 
Laser sintering is a zero shear process so chain scission induced by mechanical forces is 
limited. This is in contrast to a process like injection moulding where it is a factor that 
must be taken into account.  Once parts are created the operating temperature can become 
an issue for degradation especially if repetitive movements induce temperatures near the 
thermal transition points.  Oxidation can be a problem in most polymer processes however 
if this is a known issue modifications can be made to the polymer to avert the oxidation.  
Most polymers can be stabilized to avert the factors and control the processes that may 
damage the material (Rao 1972).  Examples of stabilizer additives include antioxidants, 
photostabilizers, flame retardants, anti-ozonants, and anti-biodegradable compounds.   
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5. Preliminary	  Investigation	  
5.1. Research	  Context	  
The adoption of Additive Manufacturing has become widespread throughout many 
industries, but one of the limitations of the technology is the lack of options when it 
comes to materials.  This is especially evident for the creation of highly flexible and 
elastomeric parts.  Common polymer laser sintering materials like PA-12 and PA-11 work 
very well in the process and can be used as functional prototypes and end use parts.  
Nevertheless the limited range of mechanical properties these materials deliver constrains 
engineers and designers.     
 
One of the university’s industrial collaborators, Burton Snowboards currently utilises 
additive manufacturing techniques to streamline the design process for many of their rigid 
snowboard binding products (Figure 5.1).  In fact, laser sintered Nylon-12 parts are robust 
enough to use as ‘On-Snow’ functional prototypes.  However, the Burton product line also 
includes many products that demand more elastic properties from high strains, especially 
for cold weather applications.  There are few commercially available elastomer materials 
on the market that are currently suitable for AM.  This makes them more expensive 
compared to standard polyamide powder.  Subsequently there has been only a narrow 
academic focus on elastomer-based laser sintering materials (Hardro, 1999) and especially 
on understanding their development. 
 
 
Figure 5.1 Burton Snowboards prototype binding 
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Although laser sintering is a complex process there are inherent material properties that 
control how effective a material will be in producing parts with good mechanical 
properties.  Previous work has outlined factors such as viscosity, surface free energy, and 
thermal behaviour as characteristics that can be used to identify materials that can be laser 
sintered.  These polymer sintering factors have been reported but not widely investigated, 
thus posing constraints on the rate at which new materials can be developed for AM.   
 
5.2. Initial	  Investigation	  and	  Research	  Objectives	  
The initial aim of this research was to investigate whether several material properties that 
are deemed important for laser sintering are indeed valid for differentiating between good 
and poor materials for processing.   
 
The research objective of this stage of the work was to:  
 
1. Characterize several polymers using material property tests including surface free 
energy, viscosity, thermal behaviour, degradation and sintering time and relate this to 
known usefulness in laser sintering.    
2.  Investigate polymer materials beyond those conventional used/investigated  
 
The completion of these tests on a variety of materials believed to have different levels of 
sinterabilty for laser sintering would be a significant step forward in understanding the 
material development process for laser sintering.  This work would enable a more 
comprehensive understanding of what particular aspects of a material’s properties could 
be used as selection criteria for new development applications 
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6. Experiments	  to	  assess	  criteria	  for	  suitability	  in	  laser	  
sintering	  
6.1. Aims	  and	  Theory	  
The range of polymers currently available for commercial use is limited for laser 
sintering.  Methods for developing new materials have not been widely explored in the 
academic literature.  This is especially the case for elastomeric materials, notably 
thermoplastic elastomers, because their use in commercial laser sintering processes can be 
technically challenging.  There is no single consensus on the appropriate method to 
develop suitable materials for laser sintering, but the aim of these initial experiments was 
to characterize polymer powder behaviour with respect to the broadly accepted 
requirements for laser sintering.  Based on marketplace limitations, industrial partners, 
Burton Snowboards, have been restricted by materials that deliver elastomeric properties 
beyond those of Nylon-11 and Nylon-12.  Therefore there were several elastomer 
materials that were tested for this phase and these were compared to conventional 
polyamide materials.   
 
Previous authors have suggested that characteristics such as availability in a powder form, 
in-machine flow, and thermal behaviour should be considered when developing new 
materials for laser sintering (Evans 2005).  As detailed in the literature review statistical 
methods to optimize processing parameters have been used when introducing new 
materials (Dingal 2007, Chaterjee 2003).  Numerous attempts have been made to laser 
sinter individual materials and authors have reported on their attempts to tailor machine 
parameters to the specific case.  Hardro (1999) investigated laser scan power, laser scan 
pacing, and bed temperature control in the processing of an experimental elastomer 
material called Dupont Somos 200.  Other research has examined various materials in 
attempts to control their processing including Shi (2007-08) with polystyrene and 
polycarbonate, Nelson (1993) with polycarbonate, Goodridge (2009) with UHMWPE, 
Schmidt (2007) with PEEK.  This work has been beneficial in identifying some 
requirements for successful laser sintering but specific conclusions on basic polymer 
sintering characteristics have not been extensively investigated or reported.   
 
6.2. Material	  and	  Test	  Selection	  
The initial focus of the experimental work was on the powdered form of the polymers 
listed in Table 6.1.  Nylon-12 and Nylon-11 are commonly used semi-crystalline laser 
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sintering materials and the majority of published research for polymer laser sintering 
involves these two polymers.  The large process window has been cited as the reason for 
their successful processing.  Nylon-6 is a material that has not been commercially released 
in powder form for laser sintering.  The material’s high processing temperature is thought 
to induce polymer degradation.  Table 6.1 lists the materials examined for this initial 
investigation.  Appendix 2 includes the detailed material data sheets.   
 
The next two materials are commercially available elastomer materials: 3D Systems 
Duraform Flex and ALM TPE-210s (thermoplastic elastomer) but typically need to be 
post-processed using a infiltration to achieve quality mechanical properties.  Elastollan 
TPU is a thermoplastic polyurethane produced by BASF.  Industrial partners, Burton 
Snowboards, use the material in an injection moulded grade for components that require 
low temperature performance.  Elastollan TPU is a material that has been used in 
rotational moulding and injection moulding but its laser sintering ability was unknown.  
These materials were tested using three different characterization tests to identify inherent 
material properties that could be used as selection criteria for laser sintering (Table 6.2).   
 
EOS Nylon-12 
Most common material used in polymer laser 
sintering 
ALM Nylon-11 
Commonly used material, less expensive but more 
difficult to process than Nylon-12 
Nylon-6 
Not available commercially – More difficult to 
process than Nylon-12 
ALM TPE-210s 
Commercially available laser sintering elastomer – 
More difficult to process than Nylon-12 
3D Systems Duraform Flex 
Commercially available laser sintering elastomer – 
More difficult to process than Nylon-12 
BASF Elastollan TPU 
SP9269 
TPU used for injection moulding and rotational 
moulding.  Never used for laser sintering 
 
Table 6.1  Material list 
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Table 6.2 List of material characterization techniques 
 
6.2.1. Estimation	  of	  laser	  sintering	  processing	  speed	  
The characterization procedures used did not aim to completely replicate the event of 
sintering inside a laser sintering machine.  It was calculated that the heating inside the 
machine is much faster than the capabilities available for testing / characterisation.   
 
Figures 6.1 and 6.2 give the schematics used to calculate a laser interaction rate and time 
for the event of laser sintering.  The variables involved in this calculation were laser scan 
speed, laser spot diameter, scan spacing, and particle size.  Each of these variables can 
change depending on the specific build parameters.  The table below explains each of the 
terms and gives a typical range of values.  The calculation was done in two steps.  First, 
the time of interaction between the laser and material was computed using the laser 
diameter and scan speed (Equation 6.1).  This value was then multiplied by the number of 
times the laser passes over the particle which was determined by the particle diameter, 
laser diameter, and scan spacing (Figure 6.2).  Because process parameters can differ from 
build to build an upper and lower range of sintering speeds was calculated using the 
values outlined in Table 6.3.  It is noted that the intensity of the laser will not be the same 
over each of these passes since the highest power occurs in the centre of the laser spot and 
then decreases as the distance from this point increases (Wiria 2010) 
 
Differential Scanning 
Calorimetry (DSC) 
Thermal analysis of materials.  Key parameters include 
melting and crystallization data, along with process 
window 
Hot Stage Microscopy 
(HSM) 
Allows for neck growth to be visually observed during 
sintering as it evolves to full particle consolidation.  Key 
parameter is rate of sintering.  This is a practical measure 
of viscosity which controls the extent to which particles 
adjacent particles fuse together into a full melt.   
Thermogravimetric 
Analysis (TGA) 
Thermal analysis of material deterioration.  Key 
parameter is onset of degradation based on weight loss 
percent.   
59 
 
 
Figure 6.1 Laser interaction with polymer particles 
 
Figure 6.2 Diagram of a laser particle interaction 
Time per Interaction =   !"#$%  !"#$%&%'  (!")!"#$  !"##$   !"  !!!    [6.1] 
 
    
Total Laser Interaction = (Time per Interaction) x (Number of Interactions)  [6.2] 
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Short Laser Interaction Time 
 
Fast Laser Interaction Time 
Scan Speed 1 m/s 
 
Scan Speed 6 m/s 
Laser Diameter 400 µm 
 
Laser Diameter 400 µm 
Scan Spacing 100 µm 
 
Scan Spacing 300 µm 
Particle Size 60 µm 
 
Particle Size 60 µm 
    
 
    
Time/Interaction 4e-4 sec 
 
Time/Interaction 6.6e-5 sec 
Number of Interactions 6 
 
Number of Interactions 1 
Total Laser Interaction 0.024 sec 
 
Total Laser Interaction  6.6e-5 sec 
     
Minimum Temp. Difference 15ºC 
 
Minimum Temp. Difference 15ºC 
Predicted Heating Rate 6250 ºC/min 
 
Predicted Heating Rate 22700 ºC/min 
 
Table 6.3 Estimation of Laser Interaction Speed 
 
It is clear from the results shown in Table 6.3 that the estimated heating rates of polymers 
inside the laser sintering machine are orders of magnitude larger than the capabilities of 
the test equipment.  The hot stage microscope has a maximum heating rate of 20ºC/min.  
Therefore it was decided that the tests reported in this chapter will all be run at a constant 
heating rate of 10ºC/min.  This rate was in accordance with ASTM Standard D3418-08 
for the DSC and was deemed a reasonable parameter for both the TGA and hot stage 
microscope.   
 
6.3. Differential	  Scanning	  Calorimetry	  
6.3.1. DSC	  Methodology	  
Laser sintering is a thermally driven polymer processing technique.  Differential Scanning 
Calorimetry (DSC) is a measurement method that records the heat flow during phase 
transitions of a material.  It is one of the most common tools used in characterizing 
materials used for laser sintering because it quantifies the melting and solidification 
temperatures, usually associated with the crystalline phase.  It has been suggested that a 
large super cooling range (temperature between the melting and solidification) is 
necessary for successful laser sintering (Dickens US Patent 1996).   
 
The DSC tracks the difference in heat flow between a reference (empty aluminium tray) 
and the sample as a function of increasing or decreasing temperature.  The sample and the 
reference are heated at the exact same conditions inside the test cell.  Typical sample sizes 
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range from 5-15mg.  Nitrogen is used as the cooling agent when low temperatures are 
required and is delivered at a rate of 50 cm3 min-1.   
 
This technique is a first step in characterizing the thermal nature of polymer powders used 
for laser sintering.  The information gathered from these experiments can provide insight 
to the crystalline nature of a material and thermal transitions.  This is determined by 
observing the rate of the transitions from solid to liquid.   
 
A TA Instruments Q200 (Figure 6.3) was used to perform the thermal analysis on the six 
polymers noted in Table 6.1.  The heating and sample preparation followed ASTM 
D3418-08 ‘Transition Temperatures and Enthalpies of Fusion and Crystallization of 
Polymers by Differential Scanning Calorimetry’.   
 
  
Figure 6.3 TA Instruments Q200 DSC sample and pan 
Powder sample masses between 6.6±0.1 mg were put through a heat-cool-heat procedure 
20oC to 220 oC at 10oC per minute.  The samples were held for 1 minute at 220oC before 
the cooling cycle began.  The results were then analyzed using TA Universal Analysis 
software.  An interpolated baseline was produced on each DSC plot denoting the 
maximum and minimum heat flow for heating and cooling. The peak/trough heights were 
measured from this point as was the area of the peak/trough.  The temperatures at these 
maxima were then labelled as melting or crystallization points.  Samples were sealed 
inside an aluminium container during the testing process.  A typical DSC trace with 
measurable features and calibration is shown in Appendix 3.   
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6.3.2. DSC	  Results	  
Two separate runs were performed on two different samples for each material.  Figures 
6.4-6.9 show the DSC plots of the various materials tested.   There was little change 
between the two DSC runs of each material so only one image is shown per material.  
There is a clear distinction between the thermal transitions in the polyamide materials and 
the elastomer materials.  The polyamides are semi-crystalline materials and the sharp 
melting points are due to the ordered crystalline regions in the polymer chains.  This is in 
contrast to the elastomer materials which typically have more gradual transitions and no 
sharp melting or solidification point.  This reflects a more amorphous chain configuration 
(Carraher 2000).  A broad but shallow endotherm indicates a low percent crystallinity, and 
a range of levels of crystallite perfection. The more disordered crystallites melt first (at a 
lower temperature) and vice versa. 
 
Figure 6.4 Nylon-12 DSC Thermogram 
 
Figure 6.5 Nylon-11 DSC Thermogram 
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Figure 6.6 Nylon-6 DSC Thermogram 
 
Figure 6.7 ALM TPE-210s DSC Thermogram 
 
Figure 6.8 Duraform Flex DSC Thermogram 
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Even without the sharp melt/solidification transitions the commercially available 
elastomers (Duraform Flex and ALM-TPE-210s) are able to sinter and create parts 
however their mechanical durability is limited. A possible explanation for the lack of 
mechanical strength is that the thermal properties do not allow full solidification during 
the process and thus create parts with high porosity.  The Elastollan TPU material plot 
(Figure 6.9) does show a small process window, indicating that it does have potential for 
withstanding temperature conditions that could lead to favourable sintering.   
 
Figures 6.10 is a graphical breakdown of the melting points of each of the materials 
tested.  The melting point and endothermic range is a key factor for determining 
processing parameters for laser sintering.  Figure 6.11 shows the peak temperature at 
which the material solidifies from the melt phase.   A clear peak was not observed for the 
ALM TPE-210 material.  Rather than a single sharp temperature the polymer melts 
gradually over a wide range of temperature.  Using a combination of the melt temperature 
and solidification temperature a plot of the material process window was determined 
(Figure 6.12).  In practice, this definition of the process window may not hold due to the 
distribution of particle melting/solidifying at this exact temperature.  For example, at the 
melt temperature for Nylon-12 a majority of the crystalline order breaks down and the 
material is able to flow.  In contrast the elastomers do not have sharp transitions, which 
can cause overlap and reduction of the supercooling window.   
 
Using this definition Nylon-12 has the greatest difference between melt point and 
solidification.  In contrast Nylon-11 has a process window that is about 10°C smaller.  It 
 
Figure 6.9 Elastollan TPU DSC Thermogram 
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is known that nylon-11 requires closer control of parameters such as bed temperature 
compared to nylon-12.  In practice this could mean small fluctuations in bed temperature 
or laser power could cause problems with the build.  Some of the Elastomers (Duraform 
Flex and Elastollan) have rather large process windows compared with Nylon-12 however 
the gradual phase transitions mean that energy required to melt and then re-solidify is 
likely smaller than for a more crystalline material.  The lack of sharp melting point in the 
elastomer materials is clearly illustrated in Figure 6.12 showing the melt enthalpy, the 
energy required to break down the crystalline zones in the material.   
 
Figure 6.10 Melting peaks for tested materials 
 
 
Figure 6.11 Temperature at solidification peak 
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Figure 6.12 Processing window, defined as the difference between endothermic / 
exothermic peak temperatures  
 
Figure 6.13 Melt Enthalpy data from endothermic peak for all materials 
6.3.3. DSC	  Conclusions	  
The use of DSC for characterizing laser sintering materials is a valuable tool for 
identifying thermal transitions. However, DSC data alone are insufficient to make a 
decision for a material’s capability in the laser sintering process.  The work discussed in 
this section focused on the concept of a process window.  The results were not enough to 
conclude that a large process window alone is a requirement for the process.   
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6.4. Hot	  Stage	  Microscopy	  
When the CO2 laser heats the polymer above the melting point a consolidation process is 
initiated that results in the formation of part layers.  Mathematical models have sought to 
predict the rate of polymer sintering by correlating the neck growth between two particles 
to the material’s viscosity, temperature, and surface free energy.  In practice, the 
coalescence of two particles can be observed optically using microscopy, for example hot-
stage microscopy in dynamic temperature mode.   
 
The aim of this procedure was to visually record the event of consolidation for powder 
materials as a means of practically verifying consolidation phenomena.  The images were 
used in conjunction with the data from the DSC to observe the thermal transitions of 
powdered polymers.  The video images were used to compare sintering rates both 
between different types of materials.   
 
The DSC results were used to create a heating profile for each of the polymers so that the 
sintering action could be observed visually.  Once the stage reached its maximum 
temperature the particles were allowed to cool without assistance back to room 
temperature.  Prior to each session of testing a calibration slide was used to note the 
magnification intensity of the microscope.  A scale bar was then fitted to each image.  
This allowed particle size analysis throughout the neck growth stage.  The heating process 
was recorded using a JVC Colour Video camera at a capture rate of one frame per second.  
Each frame noted the time (minutes : seconds) as well as the stage temperature.   
 
6.4.1. HSM	  Methodology	  
A Leica DM light microscope (Figure 6.14) with a Mettler Toledo FP90 Hot Stage 
attached was set to bright field transmission.  Powder samples were prepared in ambient 
conditions and spread lightly onto plain glass microscope slides and covered with a glass 
slip.  A very small amount of powder was preferred in order to isolate separate particles 
under the microscope.  Too much powder resulted in difficulty finding particles that are 
evenly distributed throughout the viewing area.  Several attempts at capturing the 
sintering process were made for each of the materials until at least three full necking and 
consolidation events were recorded.   
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Figure 6.14 Hot Stage Microscopy Equipment 
 
 
There are three potential methods for recording the phase transformation using the hot 
stage system.  Each of these methods is defined by the heating cycle used to begin particle 
sintering.  The first method is to use a simple linear increase of temperature at a fixed rate 
up to and through the melting zone.  For example, this would involve ramping up the 
temperature from 20oC – 100oC at a rate of 20oC per minute.  Practically this method 
allows for the user to insert the microscope slide, find potential particles, and then allow 
the slide to heat without interference during the heating cycle.   
 
The second method of heating is to find the specific particles and introduce a temperature 
ramp to just below the material melt point and then progress at small intervals through the 
phase change (endothermic) zone at a rate of 1oC per minute.  A final method for heating 
would entail setting the hot stage to a fixed point above the melt temperature and then to 
insert the sample slide into the viewing area.  This would be practically difficult because 
the phase transitions occur very quickly with some of the materials.  Therefore, it was 
decided that the most logical method of heating would be a constant ramp up to and 
through the melt zone at a rate of 10oC per minute.  The samples were prepared and tested 
in ambient atmospheric conditions, as the capabilities for testing in a closed atmosphere 
were not available.   
6.4.2. HSM	  Results	  
The aim of the hot stage microscopy experiments was to attempt to identify differences in 
polymer sintering rates of the various materials.  The images in Figure 6.15-6.20 show the 
progression of heating on the particles using the hot stage.  These still images were then 
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used to calculate the ratio of neck growth and radius versus time using the Frenkel 
predictive model (Equation 2.1).   
 
   
(a) 184.0°C (b) 186.7°C  (c) 186.8°C 
   
(d) 187.2°C (e) 187.8°C (f) 195.0°C 
Figure 6.15 PA-12 Example Hot Stage Microscopy Images 
 
 
   
(a) 188.2°C (b) 192.6°C (c) 192.7°C 
   
(d) 192.9°C (e) 193.2°C (f) 199.7°C 
Figure 6.16  PA-11 Example Hot Stage Microscopy Images 
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(a) 214.4°C (b) 217.1°C (c) 217.8°C 
   
(d) 217.9°C (e) 218.1°C (f) 218.8°C 
  
Figure 6.17 PA-6 Example Hot Stage Microscopy Images 
 
  
 
(a) 190.7°C (b) 199.6°C (c) 200.5°C 
 
  
(d) 201.6°C (e) 203.5°C (f) 205.3°C 
Figure 6.18 Duraform Flex Example Hot Stage Microscopy Images 
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(a) 129.6°C (b) 137.7°C (c) 139.9°C 
   
(d) 142.7°C (e) 149.6°C (f) 167.1°C 
Figure 6.19 ALM TPE-210s Example Hot Stage Microscopy Images 
 
   
(a) 144.8°C (b) 145.8°C (c) 146.3°C 
   
(d) 146.8°C (e) 147.6°C (f) 156.4°C 
Figure 6.20 Elastollan Example Hot Stage Microscopy Images 
 
Measurements were taken using software called Image Pro Analyzer.  The radius of each 
of the particles was measured and the average of the two was used to calculate the ratio 
with the neck diameter (Figure 6.21).  This is a reflection of the Frenkel equation as neck 
growth is related to the ratio of surface free energy and viscosity.  
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 xa = Γtηa ! [1.1] 
Frenkel-Eshelby equation of polymer sintering where x, a, t, Γ,η, are the half neck 
thickness, particle radius, sintering time, surface energy, and viscosity 
 
 Lower viscosity materials are therefore expected to sinter faster than high viscosity 
materials, and it was hypothesized that a faster coalescence rate would lead to better 
sintering because it would lead to more fully dense parts.  There were indications from the 
DSC curves that certain polymers would sinter slower than others.  The ALM TPE-210s 
material showed a very gradual transition from solid to liquid with no sharp transition 
peak.  The neck growth transition for the material was also the longest of the materials 
tested (Figure 6.22).  Based on the recommended processing conditions for this material 
the slow sintering rate could be one of the reasons that the material needs to be infiltrated.  
The other elastomer materials had transition rates closer to the polyamide materials. 
 
 
 
Figure 6.21 Calculation of neck growth rate 
 
Diameter 1 
Neck 
Diameter 
Diameter 2 
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Figure 6.22 shows the effect of heating time on the ratio between the neck radius divided 
by the particle radius. The polyamide-based materials in blue behave in a similar manner 
with relatively short sintering time compared to the elastomer materials in red.  This could 
give insight into the effectiveness of laser sintering for certain materials.  Because there 
are no external forces assisting the consolidation process during laser sintering the 
primary mechanism for creating fully dense parts is the complete melting of adjacent 
particles so that they can flow into one another and solidify.  There are obvious 
constraints on both extremes of a material’s melt and viscous flow for polymer laser 
sintering.  If a material flows like water upon laser interaction, control of the part profiles 
would be very difficult.  On the other hand if the viscosity is too high it could lead to not 
enough powder melting and less than full consolidation.   The polyamide materials change 
phase to a polymer melt quite quickly compared to the elastomer materials where the 
process is slower.  This would have practical implications for laser sintering where more 
energy relative to the melt point must be added to the elastomer materials to achieve a 
comparable amount of part density.   
 
 
 
 
Figure 6.22 Polymer sintering rates, as measured from the HSM experiments 
 
6.4.3. HSM	  Conclusions	  
As with the DSC results the rate of sintering measured by hot stage microscopy would not 
be an appropriate stand-alone tool for selecting materials that are viable for laser sintering.  
The ALM-TPE-210 material is a clear example of a material that does not have a rapid 
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consolidation however it is still a commercially available material which sinters 
effectively.  Nevertheless it may be preferable to have a higher rate of sintering based on 
the results of the polyamide materials.  The Elastollan material does have a slower rate of 
sintering compared to the PA materials but it is observed to be faster than the ALM-TPE-
210.  Ultimately the rate of sintering as measured by this technique does not reveal 
conclusive evidence as to whether a material will be successful in the process.   
 
6.5. Thermogravimetric	  Analysis	  
6.5.1. TGA	  Methodology	  
Thermogravimetric Analysis (TGA) is a thermal material characterization technique that 
can be used to identify temperature transitions and degradation points of polymer 
materials. This method can be a useful tool for polymer materials in laser sintering 
because the process requires high energy delivered very quickly to a polymer powder. 
There are no standard measurements for maximum temperature achieved by polymers 
during laser sintering however previous work has shown that mechanical properties tend 
to decrease if there is too much laser power interacting with the system (Caulfield 2006).  
 
During laser sintering it is common to visually observe gas evaporating from sintered 
areas of the material.  This could indicate that some amount of material is heated above a 
thermal decomposition point.  The TGA analysis provides a quantitative measure of 
temperatures at which polymer materials will degrade. In the laser sintering process, the 
build phase is typically performed in a high nitrogen atmosphere. When a polymer is 
heated above a certain threshold the chain breakdown tends to occur when radicals freed 
by the influx of heat cause a series of reactions that can lead to the release of volatile 
products into the test chamber (Schnabel 1981).  The TGA tests were conducted at 5% 
oxygen (95% nitrogen) to limit effects of oxidation and to simulate the conditions found 
in a laser sintering machine.  The differences between these results were compared for the 
various materials.  Again a heating profile of 10oC/min was used for all the tests from 
room temperature up to 600oC.   
 
A TA Instruments SDT 2960 (Figure 6.23) was used to perform the tests.  Powdered 
samples were loaded into the machine on a balance sample tray.  As the temperature is 
increased through a predetermined temperature cycle (40oC – 600oC) the powder goes 
through one or more weight loss transitions where gases or volatiles are evolved from the 
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material.  The device measures the mass change and this is recorded throughout the 
temperature profile.  Appendix 4 includes further details on calibration and data analysis. 
  
Figure 6.23 TA Instruments SDT 2690 TGA Equipment 
 
Powder samples of approximately 8-15 mg were heated at this rate from room 
temperature up to 600oC.  This ending temperature was chosen because typical polymers 
are fully decomposed well below this temperature threshold. 
6.5.2. TGA	  Results	  
The procedure was performed at atmospheric conditions used in laser sintering, 5% 
oxygen concentration.  Figure 6.24 shows the weight loss (as a percentage) versus 
temperature of the experimental materials.  The Y-axis value of weight percent was 
constrained from 95-100% because it is unlikely that reasonable conditions for creating 
parts would occur in the machine if more than 5% weight loss is occurring during 
sintering.  The plot shows the early onset of degradation in the various materials with 
strong effects of temperature induced weight loss with ALM TPE-210s, PA-6, and 
Elastollan.  The sharp decrease in PA-6 compared to the other polyamide materials could 
possibly be explained by the dissipation of moisture content through the early part of the 
test.   
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Figure 6.24 TGA of laser sintering materials at 5% oxygen 
 
The DSC and HSM procedures established a thermal minimum that was required for 
sintering and the TGA can be used as a tool to identify the upper limit of thermal 
exposure.  The Nylon-11 and Nylon-12 materials showed very similar weight loss trends 
that show a 5% weight loss at approximately 386-387oC.  Of the materials tested the PA-
11 and PA12 had the highest thermal stability.  Nylon 6 had a lower thermal stability and 
this coupled with its high melting point supports the opinion expressed in Section 6.2 as to 
why it is not a commercially popular material for laser sintering.   The changes in weight 
loss percent around 100°C could be due to moisture leaving the polymer samples of both 
the elastomers and polyamides.  Figure 6.25 is a chart of the derivative of the graph in 
Figure 6.25 that highlights the change in decomposition mechanisms throughout the 
temperature profile.  The peaks indicate differences in weight loss rates and offer an 
indication of the temperature points in which certain components decompose.  The 
appearance of multiple peaks probably indicates the volatilization of secondary products 
in the material.  This can be used as a tool to analyse the amount of various additives or 
secondary components in a material.    
 
The peak height in Figure 6.25 shows the maximum rate in which weight loss occurs 
during the heating cycle.  When this temperature is reached the creation of volatile 
products increases rapidly and a majority of the mass is evolved.  The lack of multiple 
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peaks in the Nylon-12 and Nylon-11 indicate a single component material.  The others 
show evidence of multiple components at a low level.  Common additives that are found 
in polymer materials include flow or plasticizing agents.   
 
 
Figure 6.25 Derivative weight loss of Figure 6.24 at 5% oxygen 
 
6.5.3. TGA	  Conclusions	  
TGA was a useful technique that has potential to give valuable insight into the potential of 
a material to be sintered.  The initial data suggested that Nylon-6 may degrade too quickly 
to be successful in the process.  The TGA data supplements the DSC and HSM work and 
the combination of all three test provides valuable insight for the laser sintering process.   
 
6.6. Discussion	  
The results from these characterization tests show some general trends that could give 
insight into whether a material should be expected to work with the laser sintering 
process.  While further work is needed in exploring other aspects of sintering behaviour 
(examples:  viscosity and surface energy – Frenkel model – once sintering commences) it 
is clear that there is not a single attribute that will make a material a good candidate for 
the process.  This is highly dependent on the chemical structure of the material as well as 
the desired material properties.   
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A summary of the performance of each material is shown in Table 6.4.  The neck growth, 
and ultimately the polymer sintering behaviour of the various polymers is controlled by 
their molecular structure.  DSC thermograms provide heat flow changes that can give 
indications of the general chemical makeup.  The polyamide materials are known to be 
semi-crystalline and the breakdown of these zones allows for a viscous flow to be 
initiated.  On a microscopic level this is what is seen using HSM when two particles begin 
to coalesce through neck growth.  Once this begins the process is further controlled by the 
viscosity of the melt and the polymer’s surface free energy as indicated by the Frenkel 
model.  The tendency of two liquid phase particles to coalesce is driven by surface tension 
but is slowed by the viscous nature of the long polymer chains at the neck.  When these 
crystalline zones have melted the drop in viscosity is enough for the polyamide polymer 
to start the coalescence of two particles.   
 
This works slightly differently in elastomer materials that do not have sharp thermal 
transitions indicating areas of crystallinity.  The barrier for the process to begin is 
temperature activation to the points where the amorphous polymer chains can flow under 
the low stress conditions, rather than the breakdown of crystalline zones.  The Elastollan 
TPU material has a relatively sharp transition, which could indicate that above the melt 
temperature the material is transforming to a point in which neck growth can occur 
(confirmed by hot stage microscopy).  Similarly, the Duraform Flex behaves in the same 
way.  The ALM TPE-210 material required a longer exposure above its melt point before 
the particles would neck and coalesce.  In general, thermoplastic elastomer materials are 
usually composed of hard and soft segments that serve to add rigidity and elasticity to the 
polymer structure.  The quantity and ratio of these segments determine the mechanical 
properties of the processed polymer as well as the melting behaviour approaching process 
temperatures.   
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Table 6.4 Summary of material characterization results for each polymer type 
(where ++, +, - are defined as very good, good, and poor)  
 
Combining the results from each of the tests Elastollan TPU has similar properties to the 
other materials already used in laser sintering.  The DSC plot in Figure 6.9 shows the 
existence of a process window in the temperature range that is common with available 
materials.  The hot stage microscope results for Elastollan TPU showed that the material 
has a neck growth rate similar to the polyamide materials than the ALM TPE-210 
material.  This suggests combination of surface energy and viscosity could be conducive 
to creating near fully dense laser sintered parts.   Additionally the data suggests that the 
material could be held near its melt temperature inside the machine that could limit 
problems with part warpage.   
 
Nylon-6 also showed characteristics that would indicate its potential for laser sintering.  
The material has a wide process window (Figure 6.12) but a higher crystalline melting 
point than all the other polyamide materials.  During processing the extra energy required 
to melt the material (EMR) could cause polymer degradation and result in difficulty 
processing.    
Materials
DSC	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Process	  Window	  and	  Phase	  Transitions Hot	  Stage	  Microscopy	  Coalescence	  Rate TGA	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Thermal	  Stability Results
Nylon-­‐12	  
(Conventional	  PA) ++ + + Most	  common	  laser	  sintering	  material
Nylon-­‐11	  	  	  
(Conventional	  PA) + + + Common	  material	  but	  more	  difficult	  to	  process
Nylon-­‐6 + + -­‐ Not	  commonly	  sintered	  -­‐	  high	  melt	  point
Duraform	  Flex	  
(Commercial	  
Elastomer)
-­‐ + -­‐ Lack	  of	  process	  window	  makes	  sintering	  more	  challenging	  than	  polyamides
ALM	  TPE-­‐210s	  
(Commercial	  
Elastomer)
-­‐ -­‐ -­‐ Lack	  of	  process	  window	  makes	  sintering	  more	  challenging	  than	  polyamides
Elastollan + + + Unknown	  laser	  sintering	  material	  that	  shows	  promise	  for	  the	  process
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TGA could potentially be a very useful tool for materials selection of polymers for laser 
sintering.  In order for polymer sintering to be initiated during the laser sintering process 
the laser needs to provide enough energy to melt the polymer so that the viscosity is low 
enough for the material to flow.  This temperature can be determined using the DSC.  
However, if the material is heated too much, damage to the polymer chain can occur, 
leading to chain deterioration.  Thermal gradients are important as well since polymers are 
poor conductors.  There is the risk that the top surfaces of polymer particles ‘over-heat’ 
whilst material below is insufficiently heated. It is proposed that a large window between 
polymer melting and polymer degradation is favourable for laser sintering to allow the 
user more flexibility when designing parts from the process and tuning the laser 
parameters to produce parts with their exact specifications.   
 
This topic forms the primary focus of the next chapters of this thesis.  A general outline of 
the laser sintering process is shown in Figure 6.26.  The material is heated above its 
melting point by the laser and begins to flow and consolidate.  There is an upper limit to 
which a material can absorb energy and the temperature between this and the melting 
point has been labelled the ‘Stable Sintering Region’ – a new definition proposed on the 
basis of the research presented in this thesis After the powder is heated and sintering is 
completed, the part cools down and solidifies into the desired geometry.   
 
Figure 6.26 Laser sintering process window and the ‘Stable Sintering Region’ 
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6.7. Stable	  Sintering	  Region	  
An attempt to quantify the Stable Sintering Region was made using the results from the 
DSC and TGA results and is shown in Figure 6.25.  The method that was employed was 
by using the temperature difference between the end of the material’s melting endotherm 
and the temperature point at which 2% of the material has degraded.  Each of the 
materials had a unique Stable Sintering Region range with the Nylon-11 and Nylon-12 
materials having a value of ~175ºC, Nylon-6 with a sintering region of approximately 110 
ºC and the Duraform Flex with a value of 158ºC.  These values indicate the hypothetical 
temperature range within which processing parameters can be set in the machine and still 
make parts with reasonable mechanical properties.   
 
 
Figure 6.27 Stable Sintering Region defined by the temperature difference between 
the end of the melt endotherm (DSC) and 2% weight loss (TGA) 
 
6.8. Conclusions	  
Data provided from the combination of these characterization tests offer a detailed insight 
into the thermal characteristics of a set of materials that have been, or could potentially be 
used for laser sintering. The goal of this Chapter was to investigate experimental methods 
to enhance the selection and development of materials that are suitable for laser sintering.  
Three different techniques were used to explore the thermal behaviour that is common to 
the process.  These included DSC, HSM, and TGA.   Individually these characterization 
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techniques give limited insight on whether a polymer would be a good choice for laser 
sintering however the combination of doing these three tests on a wide range of materials 
provided a compelling story that can improve the development process for laser sintering.   
 
A set of six different polymer powders was chosen to be characterized for this section.  
The DSC results showed significant differences between the polymers tested and the key 
parameter that was compared was the super-cooling or process window.   Unsurprisingly 
the polyamide materials showed more favourable DSC trends than the elastomer materials 
that tended to have more gradual melt and solidification behaviour.   
 
The Frenkel model has highlighted the importance of surface free energy and viscosity as 
important properties for polymer sintering.  Hot Stage Microscopy was used as a practical 
means of measuring sintering speed.  The sintering process was visually observed for each 
of the materials and the rate at which consolidation occurred was measured.   Again there 
were differences between the elastomer and polyamide materials.  The polyamide 
materials tended to sintered at a faster rate once melting was initiated while the rate was 
slower with the elastomer materials.   
 
Finally, TGA results gave insight as to the degradation characteristics of the various 
materials.  The data showed that each material started to display weight loss at different 
temperatures.  This observation could be useful for identifying materials for the laser 
sintering process since it is theorized that a material with a wide window between the end 
of the melting endotherm to the onset of degradation would allow for a wider range of 
processing flexibility.   
 
The results from the DSC, HSM, and TGA in combination were used to identify 
favourable characteristics of materials for use in laser sintering.  These were outlined for 
the respective materials in Table 6.4.  More work needs to be done to quantify an exact set 
of parameters that need to be met in order for a full material selection tool kit is produced 
but these tests can be used to narrow down the list of potential materials for laser 
sintering, based upon scientific measurements of physical behaviour and chemical 
decomposition, under realistic conditions.   
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A novel concept of Stable Sintering Region has been introduced.  This parameter was 
unique for every tested material and will be investigated further as a means of selecting 
and processing materials for the laser sintering process.  The new focus of the study was 
on elastomer-based materials for the process because there has been very limited work 
reported on the development of these materials.   
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7. Principal	  Hypothesis	  and	  Research	  Objectives	  
7.1. Background	  
The work described in the previous chapter sought to identify and understand material 
factors that are considered important for laser sintering.  Methods to develop new laser 
sintering materials have not been widely reported and it was thought that an understanding 
of key polymer sintering factors would assist in the development of materials for the 
process.  The preliminary focus of the work was to investigate properties including 
process window, polymer degradation, and the relationship between viscosity and surface 
free energy as applied in the Frenkel Model and in future, in other computational models.   
 
Literature has shown that there is a range where optimal mechanical properties are 
achieved.  Below this window insufficient energy delivery can result in poor consolidation 
and mechanical properties.  Above this range, the application of too much energy (i.e. 
high laser power) can result in mechanical property decline (Caulfield 2006).  Authors 
have suggested that this results from changes in polymer chain structure due to the high 
laser power.  As part of the early material characterization work the observation was made 
that TGA could be a method of identifying the thermal degradation points of laser 
sintering materials.  Coupling this information with the data from DSC results of the melt 
position the novel term ‘Stable Sintering Region’ is proposed in this research (Figure 7.1).  
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Figure 7.1 Stable sintering region 
Figure 7.1 is a visual definition of the ‘Stable Sintering Region’ compiling the data from 
DSC and TGA thermograms.  The outer boundaries of the SSR are outlined with dotted 
lines.  A more precise definition of these values will be discussed in later sections but can 
be derived from a combination of the hot stage microscopy data and the onset of 
degradation calculated from TGA.   
7.2. Effects	  of	  polymer	  degradation	  in	  laser	  sintered	  parts	  
One of the main limiting factors for polymer part construction using laser sintering is the 
inability to create parts that are as dense as those resulting from conventional 
manufacturing technologies such as injection or compression moulding.  As a result laser 
sintered parts tend to have lower mechanical properties.  Because the process is dependent 
on the machine parameters used by the operator limited improvement of mechanical 
properties can be achieved by increasing consolidation of particles through higher energy 
input into the powder. However, too much input energy has been shown to lead to a 
decline in part construction and properties.  Figure 7.2 and Figure 7.3 show this effect for 
Nylon-12 and Polycarbonate, respectively, in the existing literature.  The authors explain 
that the increase in properties is due to the higher degree of coalescence during sintering, 
resulting in more fully dense parts.  The amount of energy a polymer powder is exposed 
to is dependent on several variables but the specific definition of energy density is 
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calculated based on laser power, laser scan speed, and laser scan spacing with other 
factors such as part bed temperature being held constant.   
 
 
Figure 7.2 Effect of energy density on PA-12 parts (Caulfield 2006) 
  
 
Figure 7.3 Effect of energy density on polycarbonate parts (Ho 1999) 
Both of these materials show a decrease in mechanical properties as the energy density 
increases over a certain point and the authors attribute this drop in deterioration of the 
polymer powder.  It is also evident that the energy density value at the property maximum 
is lower for polycarbonate (about half) compared to PA-12.  Beyond a general statement 
on the reasoning for property decreases the authors do not focus in depth on this 
phenomenon.  Other authors have discussed laser sintering material deterioration in terms 
of recycling of powders.  For Nylon-12 specifically the recycling of powders results in an 
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increase in the material’s molecular weight which can improve mechanical properties 
however the molecular weight increase can lead to viscosity increases that inhibit the 
sintering process (Hopkinson/Haworth, 2010).    
 
In order for a polymer to be successfully sintered the material needs to be heated to a 
point where viscous flow is feasible for adjacent particles to coalesce, under low stress 
conditions.  For most polymers there is no discrete point of degradation but previous work 
relating to other polymer processing techniques has established thermal processing 
regions.  Colin (2006) defined a processability window using a combination of 
temperature and molar mass graphs.  The main factors for these plots are the ductile-
brittle critical molar mass, the thermal stability ceiling, and a minimum fluidity 
temperature.      
 
7.3. Previous	  work	  using	  TGA	  for	  polymer	  degradation	  
Limited TGA analysis has been done with polymers for laser sintering.  Vail (1996) used 
TGA while examining the polymer degradation of PMMA-ceramic parts for the creation 
of green parts via laser sintering.  The study took into consideration both a constant 
heating profile and isothermal methodologies.  This data was used to create a model to 
limit the degradation of polymer binders and the model predicts that polymer degradation 
during SLS processing is not sensitive to inherent degradation kinetics of the polymer.  
This result was only for a single PMMA polymer and the effects of overheating have been 
seen during processing for other materials.   
 
7.4. Principal	  hypothesis	  and	  research	  objectives	  
While Colin (2006) and others have discussed degradation for common material processes 
like injection moulding, the laser sintering process introduces a large proportion of the 
input energy at a much higher rate than other processes.  Rather than degradation resulting 
from long exposure to temperatures near the melting point the laser sintering process 
induces temperatures well above the melt temperature but only for a short period of time.   
 
The initial thermal characterization techniques outlined in the previous part of this work 
were selected to help identify materials and properties that are thought to be important for 
laser sintering.  A variety of materials were used including commercially available 
materials and polymers that had previously not been sintered.  Not surprisingly each 
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material not only had unique melting behaviour but also a unique thermal degradation 
signature.   
 
Noting that degradation is known to have an effect on mechanical properties it was then 
decided to more fully explore this as a means of further understanding the suitability and 
control of materials for laser sintering.  Therefore the primary hypothesis is that TGA 
should be used as a principal tool for evaluating laser sintering materials degradation 
onset point.  Coupled with the melt point information the proposed Stable Sintering 
Region can be used to evaluate a material’s process behaviour and the parameters 
resulting in constructed parts.  This would be valuable in practice because it would create 
a methodology for users to understand the effect of high energy degradation on the 
mechanical properties of laser sintered parts.  A large stable sintering region would be 
advantageous as it would allow a range of parameters and allow optimum sintering 
without incurring losses in properties due to thermal degradation.  
 
The main research objectives were: 
1. Measure and define a melt degradation window for different powdered polymer 
materials 
2. Build parts using laser sintering to illustrate the range of SSR in different materials 
3. Identify the extent of degradation on the mechanical properties of laser sintered 
parts and compare with melt degradation window results.   
4. Establish if SSR is a useful measure for the development of new polymers for 
laser sintering.   
 
The following chapters will focus on three materials that were used to further define and 
understand the concept of the ‘Stable Sintering Region.’  Additional TGA tests were done 
on these materials to determine the degradation temperature region and characteristics. 
This formed the foundation of a method to transfer the degradation information to a laser 
sintering context.  Finally, laser sintering builds of all the materials were completed to 
validate and explain the Stable Sintering Region.   
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8. Comprehensive	  TGA	  Study	  of	  Laser	  Sintering	  Materials	  
8.1. Aims	  
It has been proposed that a region of thermal stability for materials is a determining factor 
for optimizing mechanical properties in laser sintering (Figure 7.1).  This has been defined 
using the thermal measurements taken from a differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA).  The lower temperature of the stable sintering region 
can be defined as the minimum temperature needed for effective consolidation.  The 
concept of a ‘Stable Sintering Region’ has been introduced previously however the aim of 
this chapter is to further explore variables that can affect the degradation properties of 
polymer materials tested using TGA measurements.  Once these nuances are understood a 
method to quantitatively measure the Stable Sintering Region will be developed and used 
to predict machine parameters and create laser sintered parts. 
 
8.2. Methodology	  
A detailed description of the TGA equipment was stated in section 6.5 Unlike the 
previous sections only three materials were chosen to do a comprehensive TGA study on 
laser sintered related degradation: Nylon-12, BASF Elastollan TPU, and ALM TPE-210s.  
Nylon-12 was chosen because it is the most common material used in the laser sintering 
process and the other two materials were chosen because of their different stable sintering 
temperature regions (Figure 6.27).  It was not only important that these materials showed 
variability in degradation characteristics but also were able to be laser sintered for the 
creation of mechanical test specimens.  The ALM-TPE-210 and Elastollan TPU are both 
flexible materials.  There is a limited amount of literature on the use of flexible elastomer 
materials for the laser sintering properties.   
 
Laser sintering is a process that occurs very quickly and it is not easily replicated in a 
manner that allows for direct degradation studies.  Therefore the goal of this set of 
experiments was to understand how common variables in the laser sintering process affect 
degradation.  This advanced understanding was then used to produce a procedure for 
quantifying a material’s upper stable sintering limit.  Later chapters will then discuss how 
the use of TGA measurements can be used to systematically predict the appropriate 
machine parameters when the material is tested in the laser sintering equipment.  Similar 
work using TGA to predict the effect of degradation on mechanical properties for laser 
welding has been reported by Bates (2011).   
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The three variables that were chosen included gas concentration, dynamic heating rate, 
and isothermal exposure.   
 
Dynamic Heating Rate 
Heating rate was the first variable tested.  It was shown earlier that heat transfer from the 
laser to the polymer bed occurs within a matter of milliseconds with a heating rate above 
22000 ºC/min.  The TGA does not achieve anywhere near this heating rate (maximum 
apparatus heating rate is 50ºC/min) and problems with thermal lag become an issue with 
the machine at higher rates because there is a delay in the transfer of the heat from the 
machine to the material. However, heating rate data can be used to perform secondary 
measurements to understand such properties as activation energy for degradation 
reactions.  Heating rate values of 5°C/min, 10°C/min, and 20°C/min were used.   
 
Isothermal Experiments 
The second variable that was investigated was the effect of elevated temperature held 
isothermally on the material over a period of one hour.  The isothermal temperatures were 
determined by identifying the onset of maximal degradation (see Figure 6.25).  A 
temperature of 30°C above and below the onset temperatures were used in the tests.  It is 
very common for a laser sintered material to be exposed to elevated temperature after an 
area has been sintered and before the next layer of powder is added and the powder cools 
to the bed temperature below the re-crystallization of the material.  Isothermal tests were 
not performed at temperatures at or near the bed temperature.  Related work by Drummer 
(2010) investigated the effects of isothermal temperatures on recrystallziation of nylon-12 
using DSC.   
 
Gas Concentration Experiments 
The final variable that was tested was gas concentration in the testing atmosphere.  
Conventional laser sintering machines utilize nitrogen as a means to inert the build 
chamber during processing.  A typical target for laser sintering gas concentration is 95% 
nitrogen and 5% oxygen. This is due to oxidation effects such as discoloration that can 
occur if exposure to oxygen happens at elevated temperatures.  A set of three atmospheric 
conditions were chosen to analyze the effects on weight loss.  Table 8.1 outlines the test 
parameters for the various conditions.  
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Test Variable Variables Static Parameters 
Dynamic Heating Rate 5 ºC/min Atmosphere: 95% Nitrogen       
Heating Method: Ramp   10 ºC/min 
  20 ºC/min 
      
Gas Concentration 100% Nitrogen 
Heating Rate: 10ºC/min              
Heating Method: Ramp 
  95% Nitrogen 5% Oxygen 
  80% Nitrogen 20% Oxygen 
      
Isothermal  Onset to Max Degradation 
Heating Method: Rapid ramp         
Hold for 60 minutes           
Atmosphere: 95% Nitrogen 
  +/- 30 ºC 
  
   
 Table 8.1 Test variables for comprehensive TGA testing 
8.3. Typical	  Results	  
The standard TGA run for a polymer is a constant heating rate of ~10ºC/min up to 
approximately 600ºC.  Figure 8.1 shows the data output from an example run including 
both the plot of weight percent against temperature as well as the derivative of this curve.  
The peak of the derivative curve is the maximum rate at which weight loss is occurring 
during the test.   
 
 
Figure 8.1 Standard data output for TGA of Polymers 
8.3.1. Moisture	  Content	  
Moisture content can be a concern for polymer powders especially for polyamides 
(Troughton 2008).  Because the moisture uptake of the polymer can occur quickly it was 
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decided that for the TGA protocol the polymer would be tested as received and not dried 
before testing.  In order to correct for any excess moisture that the sample of powder may 
pick up during handling the TGA results were adjusted to take this into account.  Figure 
8.2 illustrates this correction process.  The amount of weight loss that the sample showed 
from 0-100ºC was subtracted from the total mass and a secondary graph was created.  The 
remaining graphs in the results section were adjusted with the moisture content factor 
subtracted.  This makes the further analysis of weight percent independent of moisture 
content.  On average the moisture content in the samples was 0.2-0.3% for nylon-12 and 
approximately 0-0.2% for the elastomer materials.   Appendix 5 includes more details on 
this topic.   
 
 
Figure 8.2 Example moisture content adjustment calculation 
 
8.4. PA-­‐12	  Results	  
8.4.1. Heating	  Rate	  
Three heating rates of 5, 10, and 20oC/min were chosen to study the effect of the variable 
on weight loss with Nylon-12.  Figure 8.3 shows results from three samples tested at each 
heating rate.  Within each of the heating rates there is very little change from test run to 
test run.  
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Figure 8.3 Nylon-12 TGA tests at variable heating rates 
 
A clear trend is visible where there is an increase in resistance to temperature induced 
weight loss at higher heating rates.  This was an expected pattern and can be partly 
explained by the ability of the polymer to instantaneously absorb the heat in the furnace as 
well as the fact that thermal degradation is a time dependent process.  The heating method 
for TGA versus laser sintering is different in the fact that in laser sintering the heating 
event is almost instant.  A directed beam of laser energy is applied to the powder and can 
quickly raise the temperature above the melting point.  Figure 8.3 shows that there is a 
slight inflection near the melt point of the material.  This could be the result of the change 
in phase resulting in more atmosphere contact with the polymer’s surface (see Figure 6.5 
for DSC curve of PA-12). 
 
In terms of laser sintering the important parameter that will be investigated is an upper 
limit for temperature exposure for a polymer.  The variation of temperatures required to 
induce 1% weight loss at different heating rates is shown in Figure 8.4.  For context, a 
standard injection moulding grade of Nylon-12 has a recommended upper processing 
range between 220ºC-290ºC (Matweb).   
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Figure 8.4 Comparison of 1% weight loss temperatures at variable heating rate 
The data from Figure 8.5 was also used to determine the effect of heating rate on the 
stable sintering region calculated as a difference in temperature from the melt peak to the 
occurrence of 1% weight loss.  The slower the heating rate the lower the temperature 
range for the stable range.  This indicates that the high speed of laser sintering may allow 
a larger stable sintering region.   
 
 
Figure 8.5 Effect of TGA heating rate on stable sintering region 
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8.4.2. Isothermal	  
The isothermal data is shown in Figure 8.6 for three runs at each of the prescribed hold 
temperatures (280°C, 310°C, and 340°C).  At the lowest temperature (280ºC) there is 
around 1.5% weight loss change in the material over the hold temperature period of 1 
hour.  As the hold temperature is increased there is an increased weight loss rate.  At 
280ºC the effect on weight loss seems to decrease linearly however at the higher 
temperatures (310ºC and 340ºC) there is a higher order drop off early in the first 10 
minutes of the hold phase after which it decreases in a linear fashion.  There is also more 
variability in weight loss between 310 ºC and 340 ºC as time increases.  A possible 
explanation for this could be that the higher temperatures occur at points where the 
polymer has already reached a critical value at which the polymer is degrading 
significantly.   
 
 
Figure 8.6 Isothermal TGA of nylon-12 at various temperatures  
 
The lower temperatures have a much more gradual decrease in weight loss over the period 
as expected, but as the temperature increases it takes less time to for the heat to cause 
weight loss.   
 
 
Figure 8.7 shows the effect of elevated temperature on the polymer material after the 
isothermal period is complete.  Even at the lowest temperature (280°C) the polymer 
incurred about 2% weight loss.  This could cause significant deterioration in mechanical 
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properties.  The pattern is compounded at the higher temperatures where the resulting 
weight loss is increased.  The overall trend validates the observation that increased 
temperature will lead to subsequent degradation of material.  This observation may be 
especially important for laser sintering because if no upper bound temperature for the 
stable sintering region is identified, higher energy inputs can lead to an accelerated rate of 
the weight loss, indicating higher levels of deterioration, which can result in poor 
mechanical properties in finished parts. 
 
 
Figure 8.7 Weight loss (%) after 1 hour isothermal analysis for PA12 
 
8.4.3. Variable	  Atmosphere	  
Figures 8.8-8.10 show the effects of atmosphere on the weight loss rate of the nylon-12 
using TGA.  The samples were heated at a 10ºC/min up to 600ºC.  The most dramatic 
change came in the test with an ambient air concentration.  The plot shows several 
inflection points as the temperature is increased, indicating a complex degradation process 
with multiple mechanisms.  Figure 8.9 shows that the 1% degradation temperature was 
about 20°C lower at 22% oxygen compared to the two other samples taken in 0% and 5% 
oxygen atmospheres.  There was almost no change in degradation curve shape or 
temperatures at specific weight loss intervals with the 5% and 0% oxygen levels (Figure 
8.8 and 8.9).  This suggests that enough oxygen had been removed from the sample 
chamber to eliminate oxidation effects at a noticeable rate.  This observation can be useful 
in outlining a potential testing method for TGA samples for laser sintering.  It also 
reinforces the reasoning and confirms the importance of why laser sintering takes place at 
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an atmosphere of oxygen around 5%.  Most TGA facilities are equipped with nitrogen gas 
cylinders that can be attached to the instrument.  So although most laser sintering takes 
place in an inert chamber around 5% oxygen the fact that there was little change between 
the 5% and 0% oxygen tests suggests that using a fully nitrogen TGA test chamber would 
be a suitable model for identifying stable sintering region parameters.  The effect of test 
atmosphere on stable sintering region is shown graphically in Figure 8.10 and reinforces 
the pattern shown in Figure 8.9. 
 
 
Figure 8.8 Effect of atmosphere on weight loss (%) for PA12 
 
 
Figure 8.9 Effect of atmosphere for 1% weight loss temperature (in oC) for PA12 
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Figure 8.10 Effect of atmosphere on the stable sintering region for PA-12 
 
8.5. ALM	  TPE-­‐210s	  TGA	  Results	  
The same protocol for TGA testing was used on the ALM-TPE-210 material.  Although 
the exact constituents of the material are commercially protected the derivative weight 
loss plot in Figure 8.11 indicates that there are multiple polymer components in the 
compound that appear to degrade at various temperatures, resulting in the multiple peaks 
observed.  This could indicate the existence of blended, and/or co-polymer type structures.  
This will have implications for the TGA results from heating rate, isothermal exposure, 
and atmospheric conditions.    The derivative form of TGA is much more discriminating 
(multiple peaks) in comparison to the ‘linear’ plots (8.12 etc). 
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Figure 8.11 Derivative weight loss data showing multiple peaks 
 
8.5.1. Heating	  Rate	  
The results from the heating rate experiments are shown in Figure 8.12.  Similar to the 
Nylon-12 tests there was an effect of increasing heating rate leading to higher weight loss 
temperatures.  Compared to the Nylon-12 material the 1% weight loss temperatures occur 
at a much lower temperature.  Figure 8.13 shows the effect of heating rate on the 1% 
weight loss temperatures in the range of 200°C to 250°C.  In comparison the Nylon-12 
values were several degrees higher for every heating rate.  This is reflected in the graph 
for Stable Sintering Region for the variable heating rates shown in Figure 8.14.  The lower 
temperature for 1% degradation and melting peak of 138°C lead to a narrower window, 
compared to Nylon-12, before degradation occurs.   
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Figure 8.12 Effect of heating rate on ALM TPE-210s TGA 
 
 
Figure 8.13 Heating rate effect for 1% weight loss temperatures 
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Figure 8.14 Effect of heating rate on stable sintering region for ALM TPE-210s 
 
8.5.2. Isothermal	  
The temperatures that were used to test the material’s resistance to weight loss at 
prolonged exposure were 165°C, 195°C, and 225°C.  The data for this set of tests was 
more variable than either the Nylon-12 or the Elastollan TPU material.  This could be due 
to the existence of multiple constituents in the material that are affected differently at 
different temperatures.  Figure 8.15 shows the all the runs performed on the material at the 
various isothermal parameters.  Although the weight loss after 60 minutes is variable 
between the runs (Figure 8.16) there is an evident pattern for 165°C that emerges.  The 
material stays unchanged (limited weight loss) for the first 20 minutes of the test and then 
it starts a rather sharp weight loss pattern.  This could have implications for sintering the 
material in instances where bed part bed temperatures tend to increase over time with the 
addition of more sintered parts and could lead to variability in part construction, or 
mechanical properties throughout the same build.   
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Figure 8.15 Effect of isothermal temperature (see legend) on weight loss percent 
for ALM TPE-210s 
 
 
Figure 8.16 Effect of isothermal temperatures on 1% weight loss 
 
8.5.3. Variable	  Atmosphere	  
The TGA tests for the ALM-TPE-210 material in variable atmosphere showed many of 
the same characteristics as the other two polymers tested in the same procedure.  However 
it seemed that this material was much more sensitive to the effect of additional oxygen 
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even at levels as lower as 5%, indicating that a material constituent undergoes oxidation-
induced degradation.  Figure 8.17 shows the material tested at the three different gas 
atmosphere levels and the temperature range at which the weight loss begins to occur is 
higher at lower oxygen levels.  Figure 8.18 shows a quantitative measure of the 
temperatures needed to induce 1% weight loss for this material.  In contrast to the nylon-
12 tests at variable atmosphere the ALM-TPE-210s material shows similar degradation 
temperatures with the 22% oxygen and 5% oxygen conditions.  In terms of sintering this 
could mean that the material requires as low oxygen concentration in the build chamber as 
possible. Alternatively, the material could be re-formulated with an antioxidant stabiliser 
 
Figure 8.17 Effect of test atmosphere on ALM TPE-210s 
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Figure 8.18 Effect of atmosphere on weight loss data for ALM TPE-210s 
 
There are also significant practical implications for this observation in terms of 
calculating the stable sintering region from the melt peak to this weight loss point (Figure 
8.19).  The range of temperatures before weight loss is significantly higher without the 
presence of oxygen.   
 
Figure 8.19 Effect of atmosphere on stable sintering region 
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8.6. Elastollan	  TPU	  TGA	  Results	  
8.6.1. Heating	  Rate	  
The third material subjected to a comprehensive TGA study was Elastollan TPU, a 
thermoplastic polyurethane material.  The material was chosen for in-depth study because 
after initial calculations of the stable sintering region showed that it fell in between the 
ALM-TPE-210s and the Nylon-12. Viscosity and DSC data also indicate properties that 
are desirable in laser sintering.  Generally the material behaves similarly to the Nylon-12 
in terms of TGA patterns (Figure 8.3).  The heating rate data shown in Figure 8.20 shows 
a clear distinction in the effect of heating rate on the weight loss profile of the material.  
The same pattern of increased heating rate leading to higher resistance to weight loss is 
evidenced between the 5°C/min and 20°C/min rates.  However in Figure 8.21 the weight 
loss percent recorded at 10°C/min is slightly lower than the 5°C/min.  The weight loss 
temperatures for 10°C/min were more variable than the other two rates tested.   
 
 
Figure 8.20 Effect of heating rate on Elastollan TPU TGA 
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Figure 8.21 Effect of heating rate on 1% weight loss for Elastollan TPU 
 
The increased heating rate also had the effect of increasing the stable sintering region 
from the upper melt endotherm of (138°C) to 1% onset degradation for the Elastollan 
TPU (Figure 8.22).  The material showed a much greater stable sintering region compared 
to the ALM-TPE-210s material.  At the 20°C/min test parameter the stable sintering 
region for Elastollan TPU was almost 40°C higher than for the ALM TPE-210s.   
 
Figure 8.22 Effect of heating rate on the stable sintering region 
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8.6.2. Isothermal	  
The Elastollan TPU melt endotherm returns to the DSC baseline (Figure 6.9) at ~138°C 
and the three temperatures that were chosen for examination at extended periods of time 
were 200°C, 230°C, and 260°C.  The results for this set of TGA tests showed very 
consistent results with the polymer material within each test temperature.  Unlike the 
ALM-TPE-210s material the weight loss profiles were more linear throughout the time 
exposure as compared to a transition point at a specific time interval.  The results for the 
Elastollan TPU isothermal tests are shown in Figure 8.23.  For the lowest temperature 
(200°C) there was little weight loss but at higher exposure temperatures the weight loss 
increases, as expected.  The final weight loss resulting after 60 minutes is shown in Figure 
8.24.  The resulting weight loss data at the 200°C, 230°C, and 260°C temperatures were 
0.7%, 2.4%, and 11%, respectively.    
 
 
Figure 8.23 Effect of hold temperatures on weight loss percent for Elastollan TPU 
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Figure 8.24 Effect of elevated temperature on weight loss for Elastollan TPU 
 
8.6.3. Variable	  Atmosphere	  
The effect of increased oxygen in the TGA results was less pronounced for the Elastollan 
TPU material, especially compared to the ALM-TPE-210s material.  Figure 8.25 shows 
the results of the runs at the variable atmospheric conditions.  There is a great deal of 
overlap of individual TGA profiles at the early onset temperatures where weight loss 
rapidly starts to occur.  As the weight loss goes to its maximum rate there is a clearer 
distinction between the effects of the variable atmospheres.   
 
Figure 8.25 Effect of atmosphere on weight percent for Elastollan TPU 
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Figure 8.26 shows the effect of atmosphere at 1% weight loss for the Elastollan TPU 
material.  The material shows very little change throughout the range of oxygen 
concentrations.  This is in stark contrast to the ALM-TPE-210s material that is affected 
significantly by the presence of oxygen and the Elastollan TPU even seems quite stable, 
even at the extreme range of oxygen concentration.  The stable sintering region at the 
variable atmospheres stays consistently around 135°C-145°C for each condition as shown 
in Figure 8.27.  This has practical implications for the laser sintering process because 
elevated oxygen levels may not be as much of a concern when processing the material.  
Further work could investigate whether mechanical properties are affected by higher 
oxygen levels during the laser sintering process.    
 
Figure 8.26 Effect of test atmosphere on 1% weight loss for Elastollan TPU 
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Figure 8.27 Effect of test atmosphere for stable sintering region Elastollan TPU 
 
8.7. Discussion	  
TGA is a valuable tool for characterizing the weight loss degradation properties of 
materials, in dynamic or isothermal modes and has been used to investigate the 
degradation characteristics of nylon-12, a thermoplastic elastomer (ALM-TPE-210s), and 
a thermoplastic polyurethane (Elastollan TPU).  Three different variables were tested 
including heating rate, atmosphere, and isothermal hold temperatures.  The data showed 
that each of the different variables induce a slight change in degradation onset depending 
on the test protocol and material being used.  Figure 8.28 compares the TGA data at 
various heating rates for all three materials used.   
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Figure 8.28 Comparison of the onset to degradation at various heating rates with Nylon-
12, ALM TPE-210s and Elastollan TPU 
 
The nylon-12 and Elastollan TPU materials behaved very similarly in terms of the test 
atmosphere and elevated temperature exposure.  The ALM-TPE-210 material was shown 
to be very sensitive to the effects of increased oxygen in the test chamber, which could 
have ramifications for processing in the laser sintering machine.   
 
Ultimately the goal of this work was to develop and verify a method for using the TGA 
information, in combination with DSC data, to quantify a region of stable sintering for 
polymers that could then be used to select and optimally process new laser sintering 
materials.  Thus far the main technique to define the region of stable sintering has been 
using temperature as the key parameter.  For instance, each of the materials were tested 
have unique stable sintering temperature ranges from the end of the DSC melting 
endotherm to the onset of degradation, depending on the test conditions and definition of 
reasonable degradation (Figure 8.29).  The weakness of this method is that temperature is 
a difficult variable for the user to control and measure within the laser sintering machine.  
Therefore in order to strengthen the concept of stable sintering region it is best that a way 
to put the TGA data in a form that is of value to the end user be developed.   
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Figure 8.29 Comparison of the Stable Sintering Region at various heating rates with 
Nylon-12, ALM TPE-210s and Elastollan 
 
A proposed solution to this problem is to put the Stable Sintering Region quantitatively, in 
terms of an energy value rather than a temperature range.  This can be done using 
previously developed mathematical models, specific to TGA that define the energy to 
activate the chemical degradation process (See Chapter 9).  Energy input is a parameter 
that the user can control on the laser sintering process and a recently developed term 
called the Energy Melt Ratio has been identified as a way to directly connect TGA 
information for the Stable Sintering Region to machine parameters and ultimately to the 
mechanical properties of the parts (Starr 2011).   
 
Using data measured in this chapter, the next chapter discusses the methods used to 
develop and quantify the Stable Sintering Region in terms of energy values.  This is then 
translated to a laser sintering compatible value to be used in dictating part parameters that 
will illustrate the stable sintering region in the process.  Further experimental investigation 
includes using DSC to measure specific heat values as well as gel permeation 
chromatography (GPC) to establish molecular weight.    
 
The exact degradation mechanisms are difficult to characterize simply from TGA analysis 
and GPC work will help to reveal the effect of high temperature exposure that is possible 
during the laser sintering process on molecular weight changes.  The conditions for solid-
state polymerization of PA-12 are created during the laser sintering process.  These 
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include heating in an inert atmosphere at a temperature just below the melt point (Hitt 
2011).  Effectively this causes a chain extension and molecular weight increase that may 
not be illuminated by TGA.  For polyurethanes degradation typically occurs near or 
beyond the melt point because the urethane linkages become unstable (Hernandez 2008).  
This may occur even lower during thermal processing and result in chain breakdown.  
However, studies with TPU in inert atmospheres (N2) above the melt point result in 
crosslinking and a molecular weight increase (Lu 2003).   
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9. Quantifying	  the	  Stable	  Sintering	  Region	  using	  the	  
Energy	  Melt	  Ratio	  
 
9.1. Aims	  
One of the most challenging aspects of laser sintering is addressing the limited of 
understanding of how fundamental material characteristics affect the mechanical 
properties of a part.  One of the main reasons for this is the fact that a wide range of 
properties can be achieved depending on the machine settings that the user chooses.  The 
settings that the operator controls while running the machine include laser power, laser 
scan count, scan spacing, and part bed temperature.  It was shown in the previous Chapter 
using thermogravimetric analysis that process temperatures with the potential to incur 
degradation can occur in laser sintering.  However, practically implementing that 
information would be difficult because the laser moves too quickly to accurately record 
polymer temperatures in real time during the process.  This chapter develops the concept 
of the ‘Stable Sintering Region’ further by taking an energy approach.   
 
The aim of this chapter was to develop a quantitative method for using the material 
characterisation data from TGA to predict an optimum window for sintering before 
degradation affects mechanical properties.  The method is developed for PA-12, 
Elastollan TPU, and ALM TPE-210s. There is currently no known systematic method for 
predicting laser sintering parameters for materials.  DSC measurements can be used to 
identify probable temperatures for part bed settings; however finding energy input 
conditions are mostly done by trial and error, which can be costly in terms of both time 
and materials.     
 
There has been previous work to correlate the laser sintering inputs in a quantitative 
manner including the 2D (Nelson 1993) and 3D (Kruth 2005) Andrew’s number as well 
as the Energy Melt Ratio (EMR) (Starr 2009).  The EMR (Equation 9.1) is the ratio of the 
applied energy density and the theoretical energy to melt a single layer of material (Starr 
2009).  It is currently the most comprehensive method to compare laser sintering 
parameters.   
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!"# = !×!!!!×!!×!!! !! − !! + ℎ! × !! (!!)  [9.1] 
[Where P, Vc, Vs, VB, z, Cp, Tm, Tb, hf, δs, δd are laser power, scan count, scan spacing, 
beam speed, layer thickness, specific heat, melting temperature, bed temperature, enthalpy 
of melt, material density, and packing density] 
 
 
The EMR equation was the primary tool for correlating the TGA data with the machine 
parameters in this research.   The TGA data were analysed in terms of a predicted energy 
for degradation and were then compared to the energy required to melt a layer of material 
along with the machine inputs.  Previously discussed studies by Caulfield et al. (2007) 
have shown that mechanical properties decline at higher energy inputs for PA-12 but this 
work will build upon the findings by attempting to predict the point at which this would 
occur, for the candidate materials.    
 
Bates (2011) has outlined a method using thermogravimetric analysis to create a thermal 
model that predicts temperature distributions at weld interfaces during transmission laser 
welding.  The method predicts an upper limit for the energy delivered to the interface of 
the weld.  The concept outlined in this chapter is similar however it is applied to laser 
sintering.   The following sections develop the necessary measurements and calculations 
needed to convert a TGA temperature value for degradation to an equivalent energy and 
subsequently laser sintering parameters.   
 
9.2. Kissinger	  Method	  
The Kissinger Method (1957) for analysing the degradation kinetics using the TGA was 
the primary means for translating TGA data into a measure of activation energy required 
for degradation.  The mathematical explanation behind the method is described in the 
following section.  TGA records the weight loss of a material as it is heated through a 
defined temperature region.  It is noted that TGA measurements only record degradation 
as it pertains to direct weight loss and thus circumstances where volatile compounds are 
released.   
 
An outline of the assumptions for the Kissinger method is shown below and has been 
adapted from Pramoda (2000).  The rate of reaction can be defined as the ratio of actual 
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weight loss to the total weight loss corresponding to the complete degradation process.  
This ratio is shown in Equation 9.2 where M, M0, Mf are the actual mass, initial mass, and 
final mass, respectively.   ! = (!! −!)!! −!!  [9.2] 
 
Equation 9.3 is the basic rate equation used in kinetic studies where k is the rate constant, 
f(α) is the rate of conversion, and !"!"  is the rate of degradation.  Equation 9.3 illustrates 
that f(α) is proportional to the concentration of reaction material.   
 !!!" = !"(!) [9.3] 
   
A form of the Arrhenius expression (9.4) is used to describe the temperature dependence 
of the rate constant. Generally for the Arrhenius equation, k can be considered to be the 
number of collisions that result in a given reaction per second.  The pre-exponential factor 
A represents the total number of collisions (leading to a reaction or not) per second and 
the term − !!!"  is the probability that for any given collision a reaction will occur.     ! = !"#$(− !!!") [9.4] 
   
The TGA protocol measured weight loss using a constant heating rate of β  
 ! = !"!"   → !" =    !"!  [9.5] 
 
Combining equations 9.2-9.5 results in equation 9.6 and simplifies to 9.7 ! !"!" = !" ! !!!!" [9.6] 
  !"!(!) = !! !!!!"!" [9.7] 
 
Equation 9.7 can be integrated within the constraints of initial temperature (To) 
corresponding to a degree of conversion (αo) and a peak temperature (Tp) corresponding 
to αp 
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!!!!"!"!!!!  [9.8] 
  ! ! = !"!(!) = !! !!!!!" !"!!!!!!  [9.9] 
 
 
    The Kissenger method for solving equation 9.8 assumes  that  ! = (1− !)!!! = 1 
 ln !!!"#! = !" !"!! + ln  (!(1− !!"#  )!!! − !!!!!"# [9.10] 
 
 !" !!!"#! = −!!! 1!!"# + ln  (!"!! ) [9.11]  
 
Based on equation 9.11 one can solve for the activation energy (EA) by plotting the ln !!!  on the y-axis versus !!!"# at various heating rates.  This results in a straight line 
whose slope can be evaluated to determine the activation energy for degradation.  
Equation 9.11 is applied to analyse all three materials using TGA data in the following 
sections.  This is a general degradation reaction system with specific focus on analysis 
from TGA weight loss data.  There are other mechanisms for polymer degradation that the 
TGA does not account for and can vary from polymer to polymer. However, it was 
decided that this would be a valid test to give valuable new insight into the laser sintering 
process. 
9.3. Experimental	  Methods	  for	  Calculating	  Energy	  to	  
Degradation	  
 
In addition to TGA tests that were discussed in the previous chapter additional material 
characterization tests were completed.  These included gel permeation chromatography to 
measure molecular weight of the virgin powder material and sapphire calibrated DSC to 
measure specific heat capacity.   
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9.3.1. Gel	  Permeation	  Chromotography	  –	  Molecular	  Weight	  
 
The Kissinger method for determining the activation energy for material degradation 
computes a value in terms of J mol-1.  In order to put this value into a context that is useful 
for laser sintering calculations like Energy Melt Ratio it was essential to determine the 
molecular weight for each of the materials tested.  Gel permeation chromatography (GPC) 
was performed on virgin powdered samples of PA-12, ALM TPE-210s and TPU 
Elastollan.  The required equipment (very specific solvents at high temperatures) was not 
available at Loughborough University so the practical work was conducted by Smithers 
Rapra in Shawbury, United Kingdom.  A complete data presentation of the GPC data is 
included in Appendix 8.   
 
The methodology for the GPC work is listed below and differs slightly between materials 
because of the type of eluent used.  Table 9.1-9.3 describes the specific details for each of 
the materials.  The GPC system used for the work was calibrated with poly 
(methylmethacrylate).   
 
Nylon-12 
Three samples were prepared by adding 10 ml of eluent to 20 mg of sample and allowing 
five hours for the sample to dissolve.  The sample was mixed and filtered through a 0.45 
µm PTFE membrane before chromatography 
Columns PL HFIPgel guard plus 2 x PL HFIPgel 300 x 7.7mm, 9 µm 
Solvent 1,1,1,3,3,3-hexafluoro-2-propanol with 25mM NaTFAc 
Flow Rate 0.8 ml/minute (nominal) 
Temperature 40ºC (nominal) 
Detector Refractive index 
Table 9.1 Nylon-12 GPC Methodology 
 
ALM TPE-210s 
Three samples were prepared by adding 10 ml of eluent to 20 mg of sample and 
allowing five hours for the sample to dissolve.  The sample was mixed and filtered 
through a 0.45 µm PTFE membrane before chromatography 
Columns PL HFIPgel guard plus 2 x PL HFIPgel 300 x 7.7mm, 9 µm 
Solvent 1,1,1,3,3,3-hexafluoro-2-propanol with 25mM NaTFAc 
Flow Rate 0.8 ml/minute (nominal) 
Temperature 40ºC (nominal) 
Detector Refractive index 
Table 9.2 ALM TPE-210s GPC Methodology 
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Elastollan 
Three samples were prepared by adding 15 ml of eluent to 30 mg of sample and 
heating at 80 ºC to dissolve.  The solutions were mixed and filtered through a 1.0 µm 
glass fibre pad prior to the chromatography 
Instrument Polymer Laboratories PL-GPC-120 with PL-AS-MT autosampler 
Columns PL PolarGel guard plus 2 x PL HFIPgel 30cm, 8 µm 
Solvent N,N’-dimethylacetamide with 0.01M lithium bromide 
Flow Rate 1.0 ml/minute (nominal) 
Temperature 80ºC (nominal) 
Detector Refractive index 
 Table 9.3 TPU Elastollan GPC Methodology 
The results for each of the materials are summarized in Table 9.5 as the calculated 
molecular weight and polydispersity index.   
 
Sample Mw (g mol-1) Mn (g mol-1) Polydispersity 
Nylon-12 18,800 6,650 2.8 
ALM TPE-210s 73,700 29,700 2.5 
Elastollan 86,700 39,300 2.2 
Table 9.4 Molecular weight values and polydispersity index of polymer materials 
 
Figure 9.1 shows a graphical representation of the GPC results on a single plot.  The full 
data set for each of the materials has been added to the Appendix 9.1.   
 
Figure 9.1 Molecular Weight of Laser Sintering Materials (MW in g mol-1) 
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9.3.2. GPC	  Conclusions	  
The molecular weight of the polyamide materials is much lower than those of the 
Elastollan TPU and ALM TPE-210s.  This reinforces the earlier hot stage microscopy 
work that indicated that elastomer materials had a slower coalescence rate than the 
polyamide-12.  The large difference in molecular weight probably indicates more 
entanglement and higher viscosity.   It is important to note that the repeat units are 
different for the various materials so an increase in molecular weight does not necessarily 
always indicate longer chains but it is a very good guide.  This would limit the rate at 
which the polymer sinters (according to the Frenkel Model) and could lead to higher 
porosity if there is a large amount of semi-sintered particles.  Additionally, if degradation 
via a chain scission mechanism occurs it could enhance the ability of the material to sinter 
because it may lower viscosity. 
 
9.3.3. Specific	  Heat	  Capacity	  
In addition to molecular weight determination another material property that was not 
available for the laser sintering materials was specific heat.  Specific heat capacity is 
defined as the amount of energy required to change a material’s temperature by a given 
interval (Henderson 1982).  The method for measuring specific heat capacity involves a 
calibrated DSC analysis using a sapphire standard and comparing this to the measured 
differential scans of the polymer materials.   
!! ! = (!"!")! ! (!"!" ) 
[9.11] 
  
Where Cp, 
!"!" , m(T), !"!"  are specific heat, heat flow, mass, and heating rate respectively for 
a given temperature T. 
 
In order to accurately measure the specific heat of a material the DSC trace must be 
compared directly with a sapphire sample.  The ratio of specific heat between the sapphire 
and the sample is shown in Equation 9.12. 
 
  !!"(!)!!"#$(!) = (!"!")!!(!)! !"/!" / !"/!"!"#!!"# !"/!"  [9.12] 
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This can be rearranged to solve for the specific heat of the material as a function of the 
known values of specific heat for sapphire.  Ginnings and Furukawa (1953) of the 
National Bureau of Standards has quoted the literature values for sapphire.  See Appendix 
6.  
!! ! = (!"!")!(!"!")!"#    !!"#! ! ! !!"#(!) 
[9.13] 
  
The DSC plots including the sapphire standard are shown in Figures 9.2-9.4 and 
additional details on the DSC testing process are included in Appendix 6. 
 
   
Figure 9.2 Nylon-12 DSC plot with sapphire standard 
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Figure 9.3 ALM TPE-210 DSC plot with sapphire standard 
 
Figure 9.4 Elastollan TPU DSC plot with sapphire standard 
9.3.4. Specific	  Heat	  Capacity	  Conclusions	  
For each of the materials tested calculations were performed in a temperature interval 
below, at, and above the melting point.  Table 9.5 shows the full range of the Specific heat 
values at various temperature intervals for each of the three materials.  Appendix 7 gives 
some more specific information to the exact calculations for the values 
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Table 9.5 Specific Heat Values for Each Material 
 
The critical temperature values that are important for the laser sintering process and this 
methodology are those just below and above the melt endotherm region.  For each of the 
materials a ‘pre-melt’ and ‘post melt’ specific heat value was selected.  An effort was 
made to select positions that were at or near the baseline of the DSC to limit sharp 
changes due to thermal transitions.  Table 9.6 shows the highlighted values that were 
selected for each material and subsequently used in later calculations.    
 
 Pre-Melt (J/kg-oC) Post-Melt (J/kg-oC) 
Nylon-12 2690 3187 
ALM TPE-210s 2630 2630 
Elastollan TPU 2608 2079 
 
Table 9.6 Specific Heat Values for each material 
 
The values for the specific heat capacity of each material are listed in Table 9.5.  The PA-
12 and ALM TPE-210s have values that are very similar while the values for TPU 
(Elastollan) are slightly lower.  The pre and post melt values are very close for each 
material respectively.   
Temperature 
(°C) 
PA-12  
(J/kg-°C) 
TPE-210s 
(J/kg-°C) 
Elastollan TPU 
(J/kg-°C) 
46.85 1924 3066 2193 
56.85 2153 2566 2201 
66.85 2158 2618 2104 
76.85 2131 2554 2059 
86.85 2131 2512 2048 
96.85 2196 2516 2090 
106.85 2296 2576 2225 
116.85 2392 2630 2404 
126.85 2578 2691 2608 
136.85 2690 2780 2490 
146.85 2821 2661 2080 
156.85 3008 2609 2079 
166.85 3308 2630 2100 
176.85 4420 - - 
186.85 14241 - - 
196.85 3160 - - 
206.85 3187 - - 
124 
 
9.4. Kissinger	  Calculations	  
Thermal analysis data from the TGA tests were analysed using the Kissinger Method, 
applied to all three materials using the various TGA heating rates tested.  The key data 
points for the calculation are highlighted in Figure 9.5 for PA-12 and the graphical 
representations for the other two materials are shown in Appendix 9.2.   
 
 
  
Figure 9.5 Typical TGA and derivative weight loss plot with onset temperature and 
maximum conversion temperature for PA-12 
 
 
Table 9.7 includes the temperatures of 1% conversion and maximum conversion rate for 
each of the materials at heating rates of 5 ºC/min, 10 ºC/min, and 20 ºC/min.  These are 
averages from the multiple TGA runs reported in Chapter 8.   
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Polyamide-12 Heating Rate (°C/min) 
  5 10 20 
Temperature at 1% Weight Loss (oC) 308 325 351 
Temperature at Max Conversion Rate (oC) 431 438 450 
        
ALM TPE-210s Heating Rate (°C/min) 
  5 10 20 
Temperature at 1% Weight Loss (oC) 208 223 247 
Temperature at Max Conversion Rate (oC) 409 421 440 
        
Elastollan TPU Heating Rate (°C/min) 
  5 10 20 
Temperature at 1% Weight Loss (oC) 243 255 263 
Temperature at Max Conversion Rate (oC) 389 405 420 
        
 
Table 9.7 Key values for Kissinger method calculations 
 
The Kissinger plots for each of the materials are shown in Figures 9.6-9.8.  By 
multiplying the slopes of these plots by the gas constant (R=8.314 J/mol) the activation 
energy for degradation is calculated.  This is shown along with the linear correlation 
coefficient in the top right hand corner for each of the graphs.   
 
 
  
Figure 9.6 Kissinger plot for PA-12 
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Figure 9.7 Kissinger plot for ALM TPE-210s 
 
 
 
Figure 9.8  Kissinger plot for Elastollan TPU 
 
The values for activation energy were 279.5 kJ/mol, 169.5 kJ/mol, and 158.1 kJ/mol for 
PA-12, ALM TPE-210s, and elastollan, respectively.  This logically follows the general 
results of the TGA tests where PA-12 deteriorated at a much higher temperature than the 
other materials and therefore would require a higher energy of activation for a chemical 
degradation to mechanism to occur.  It also indicates that the two elastomeric materials 
have a similar activation energy.   
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9.5. Activation	  Energy	  for	  Degradation	  
The Energy Melt Ratio was used as a conduit between the Kissinger TGA data and the 
physical settings for the laser sintering machine.  The following steps outline the 
procedure developed to predict machine settings that would induce degradation and 
quantify the upper limit of the stable sintering region.  This procedure is a first detailed 
approach at characterizing the Stable Sintering Region in a quantitative manner.   
 Energy  Melt  Ratio =    Energy  DensityEnergy  to  Melt  Layer 
 
The first step is to determine the energy density corresponding to degradation onset as 
determined by TGA (equation 9.1).  Table 9.8 shows the values needed for the 
calculations where TDegOnset, EA, Mw are the temperature for degradation onset, activation 
energy, and molecular weight, respectively.  This values is characterizing the temperature 
region above the melt point to the onset of degradation.   
 !!"# = !!"#$%&"' − !! !! + !!!! ! [9.14] 
 
 
 PA-12 ALM TPE-210s Elastollan  
TDegOnset 325 223 255 ºC 
Tm 186 139 130 ºC 
Cp 3155 2630 2079 J-kg-1K-1 
Ea 279.5 169.5 158.07 kJ-mol-1 
Mw 18800 73700 86700 g-mol-1 
δ 0.97 1.03 1.01 g-cm-1 
     
EDeg 0.43 0.22 0.2 J/mm3 
Table 9.8 Physical Parameters for determination of degradation energy 
 
Next, the energy required to melt a single layer of polymer powder was calculated 
according to the denominator of the Energy Melt Ratio equation.  Table 9.9 includes the 
relevant variables that are necessary for equation 9.15 where Em is the energy required to 
melt a layer of material. 
 !! = !! !! − !! +   ℎ! × !! (!") [9.15] 
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Em PA-12 ALM TPE-210s Elastollan  
Tb 172 65 100 ºC 
Tm 185 139 130 ºC 
Cp 3187 2630 2090 J-kg-1K-1 
hf 99.5 5.17 16.91 W-g 
pd 0.5 0.5 0.5 Unitless 
δs 0.97 1.03 1.01 g-cm-1 
     
EDeg 0.069 0.10 0.04 J/mm3 
Table 9.9 Physical Parameters for energy to melt layer 
 
9.6. Energy	  Melt	  Ratio	  
An energy melt ratio required for degradation is obtained by dividing the EMRDeg by 
EMRm (Equation 9.14 by Equation 9.15).  This was done for each of the materials tested 
and is shown in Table 9.9.   !"#! = !!!! [9.16] 
 
 PA-12 ALM TPE-210s Elastollan 
EMRDeg 6.2 2.2 5.0 
Table 9.10 Energy predicted to induce degradation for tested materials 
 
It is hypothesized that these values should be at or near the point where deterioration in 
mechanical properties would be seen due to a 1% weight loss, based upon this novel 
approach using practical data from DSC/TGA and integrating it into the fundamental 
theory.   
9.7. Discussion	  
The results of this methodology exemplified a novel approach to quantify the ‘Stable 
Sintering Region in terms of energy melt ratio for laser sintering of plastics and 
elastomers.  As expected, there was not a single EMR value that would indicate 
degradation for all materials.  Instead the predicted values ranged from 2.2 to 6.2 
depending on the material.  Clearly the ALM TPE-210s material has a much lower 
EMRDeg than the other two materials; however this is purely a predictive element.  In 
order to validate this method it was necessary to use these parameters for actual laser 
sintering builds and determine whether the predicted values manifest indications of 
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degradation in the form of part bed fumes, mechanical property declines, or molecular 
weight changes.  
 
The method proposed uses the value of 1% degradation as the point at which changes in 
mechanical properties might occur.  This was done because the workable injection 
moulding upper temperature range for PA-12 is around 1% weight loss.  This processing 
range (Matweb) is shown in Table 9.11 for the three materials.  It is unclear whether this 
value would be higher or lower for the laser sintering process and whether the 1% weight 
loss value is a critical transition for the other materials.  This method ultimately depends 
on the chemical mechanisms of degradation in each polymer however this was beyond the 
scope of the current study.   
 
Material Typical Injection Moulding Temp (oC) 
PA-12 210-330 
TPU  130-227 
Table 9.11Typical temperature use value range for TPE/TPU (Matweb) 
 
Although EMR does account for bed temperature, one of the differences between PA-12 
and the elastomer materials is the wide temperature range from bed temperature to 
melting temperature.  These three materials have different ranges starting from ALM 
TPE-210s with a 74°C difference while TPU (Elastollan) and PA-12 have differences of 
30°C and 13°C, respectively.  In the case where there is a wider difference the user is 
relying more heavily on the laser to raise the material’s temperature which is a quick 
transition versus overcoming a smaller transition with the PA-12 or TPU (Elastollan) 
where the material is already heated close to the melt point.   One of the benefits of the 
EMR value is that it can be achieved through different combinations of laser power, scan 
spacing, scan count, layer thickness, or scan speed.  For this work laser power was the 
primary variable however degradation by any means of changing parameters may account 
for similar differences in properties.   
 
There are several implications for the methodology described here.  Generally, TGA 
could be incorporated as a valuable standard test method for analysing laser sintering 
polymers.  At the moment DSC is the primary material characterization technique for 
analysing the thermal profile of a polymer however this work shows that valuable 
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practical information can be generated by examining the weight loss results that TGA 
provides.  Additionally, the ability to characterize an optimum sintering range using a 
combination of TGA and DSC translated to laser sintering machine parameters through 
EMR can help streamline the material development process.  This work could provide a 
framework for efficiently selecting appropriate grades of polymers that could be used in 
the laser sintering process.   
 
9.8. Conclusion	  
The goal of this chapter was to devise a quantifiable method for applying TGA data 
characterization data to predict laser sintering machine parameters.  One of the major 
difficulties in developing new materials is the time that is required to arrive at a set of 
optimum parameters.  Through this technique it has been shown how TGA data can be 
evaluated and translated in the context of actual laser sintering values.   The work brought 
together several methods (GPC, TGA, DSC, and specific heat) through the 
characterization of both a conventional laser sintering material as well as two previously 
unstudied elastomers.  There is almost no data on laser sintering elastomers in the 
academic literature and this novel approach took several steps forward in identifying both 
basic polymer characterization data but new understanding in processing the materials.  
The integration of the fundamental Kissinger approach with the EMR equation both 
shows how it can be applied to polymers outside of polyamide and the potential to use it 
with more fundamental characterization tests.   
 
It was hypothesized that the values for EMR degradation would predict where a drop off 
in mechanical properties could be seen.  The next chapter will discuss a set of laser 
sintering builds that were conducted at and around the prescribed energy melt ratio values.  
The mechanical properties and change in molecular weight values were tested to validate 
this work as a potential addition to the development process of new laser sintering 
materials.   
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10. Practical	  Verification	  of	  the	  Stable	  Sintering	  
Region	  
 
10.1. Aims	  and	  Theories	  
The previous chapter introduced a predictive method to translate TGA data into a practical 
measure for laser sintering parameters for three different polymer materials. Caulfield 
(2007) and Ho (1999) have shown that mechanical properties decline if excessive thermal 
energy is applied to the polymer powder during laser sintering, however the exact point at 
which or exact reason why this occurs has not previously been explored in depth.   TGA 
measurement is one tool for identifying transitions where temperature-induced weight loss 
can occur.  This is usually measured in units of ‘percent weight loss,’ which is not 
immediately useful for the laser sintering context.  However, a systematic approach using 
the Energy Melt Ratio made it possible to take TGA data and predict inputs for the 
machine user.   
 
The aim of this chapter is to use the values for the novel term EMRDeg to select laser 
settings for actual part builds to understand whether the TGA measurements are a useful 
tool in predicting the point at which mechanical properties decline. In order to supplement 
the mechanical property data, GPC was performed on a set of samples from the three 
materials.  This added further insight as to whether the energy required to induce weight 
loss caused molecular weight changes that were manifested in mechanical property 
differences.   
 
10.2. Methodology	  
10.2.1. Experimental	  Direction	  
The key component of this section was the laser sintering builds performed on the three 
different materials.  The goal was to design a set of experimental builds that were as 
similar as possible, even though the materials being tested were very different.  PA-12 is 
the most common laser sintering polymer and because of this it often has a prescribed set 
of parameters that are known to create effective parts.  However, the other two materials 
are more challenging to process due to the fact that the exact process parameters are 
achieved by trial and error rather than known standards.   
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PA-12 is a semi-crystalline material that when sintered, forms a rigid part.  The other two 
materials are thermoplastic elastomers that when sintered create soft and flexible parts.  
This can create inherent difficulties in processing due to the mechanism used for 
spreading the material.  Additionally it can be the case with laser sintering of polymers 
that the processing window can limit the range of settings that are available.  In essence, 
certain materials will only produce repeatable and reliable parts within a narrow set of 
parameters.  The selection of these three materials bore this in mind and it was decided 
that they offer the best prospects for materials that can sustain extended builds at a variety 
of temperatures and laser settings.   
 
10.2.2. Laser	  Sintering	  Builds	  
The energy values calculated from the TGA data were converted to Energy Melt Ratio 
values that corresponded to the predicted energy required to induce degradation.  The 
details of this procedure were outlined for each of the materials in Chapter 9.  An EOS 
P100 laser sintering machine was used to produce Type IV tensile specimens according to 
the ASTM Standard D638-10 Standard Test Method for tensile properties.  Figure 10.1 
shows the build setup and the dimensions of the test pieces.  There was a 6mm layer 
before the first sintered layer and 3 mm after the final sintered layer.  The tensile bars 
were built in the YX direction on the build area, ie. on the horizontal plane of the bed, 
with the long dimension of the test piece in the Y-direction.   
 
 
Figure 10.1 Laser sintering test specimen and build setup side view where ‘W’ is 
defined as a laser power.   
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As discussed in Chapter 3 the laser sintering machine operator has control of several 
thermal and energy input variables that can be adjusted before and during a build.  The 
Energy Melt Ratio (EMR) keeps track of these settings and consolidates them to one 
single value.  This makes it possible to achieve a single EMR value with multiple sets of 
parameters.  For instance, lowering the scan spacing can have a similar effect on EMR as 
increasing the laser power.  The same case is true if the scan count is increased and the 
scan speed is lowered.  In order to allow for this issue, the parameter that was chosen to 
be varied was laser power.  This also ensured consistent scan time between parts. The 
build that was selected included seven layers with six tensile test specimens per layer.  
Within each layer the six individual tensile test pieces had six different laser power 
settings applied.  The laser power range for the three materials was different.  Figures 
10.2-10.4 show the range of laser powers during the first part layer of the separate builds.  
The EMRDeg value for each material was selected to be as close to the middle laser power 
value as feasible.   
 
 
Figure 10.2 PA-12 laser power range during tensile specimen build 
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Figure 10.3 ALM TPE-210s laser power range during tensile specimen build 
 
 
 
Figure 10.4 Elastollan TPU laser power range during tensile specimen build 
 
Sets of seven tensile bars were built at each power setting, five of which were used for 
testing.  Appendix 9 includes example images of the finished tensile bars.  Tables 10.1-
10.3 show the machine parameters used during the each of the three builds.  Care was 
taken to ensure that consistent machine setup and parameters were maintained between 
the three materials as far as it was practical to ensure successful builds.  The principal goal 
for these builds was to construct parts from a wide range of energy input values that 
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would illustrate a change in mechanical properties using high and low laser power 
settings.   
Parameter Set point Units 
Layer Thickness 0.1  mm 
Part Bed Temperature 172  ºC 
Removal chamber temperature 150  ºC 
Laser power (hatching) 6,10,14,18,22,25  Watts 
Scan speed (hatching) 2500  mm s-1 
Scan Spacing 0.20  mm 
Pre-heat time 2  Hours 
Table 10.1 EOS P100 Build Settings – PA12 
 
Parameter Set point Units 
Layer Thickness 0.15  mm 
Part Bed Temperature 65  ºC 
Removal chamber temperature 55  ºC 
Laser power (hatching) 10,12,14,15,16,17  Watts 
Scan speed (hatching) 2500  mm s-1 
Scan Spacing 0.20  mm 
Pre-heat time 1.5  Hours 
Table 10.2 EOS P100 Build Settings – ALM TPE-210s 
 
 
Parameter Set point Units 
Layer Thickness 0.15  mm 
Part Bed Temperature 100  ºC 
Removal chamber temperature 90  ºC 
Laser power (hatching) 12,13,14,15,16,17  Watts 
Scan speed (hatching) 2500  mm s-1 
Scan Spacing 0.20  mm 
Pre-heat time 2  Hours 
Table 10.3 EOS P100 Build Settings – Elastollan 
 
10.2.3. Practical	  considerations	  from	  the	  laser	  sintering	  builds	  
The predicted Energy Melt Ratio for degradation (EMRDeg) values for each of the 
respective materials are shown in Table 10.4.  These values were translated into laser 
power and were set as the middle point in a range of low to high laser powers with the 
goal of producing parts at the extremes of input energy within the same layer.   
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 PA-12 ALM TPE-210s Elastollan 
EMRDeg 6.2 2.2 5.0 
Equivalent Laser Power 
using parameters listed in 
Table 10.1 – 10.3 
21 15.5 15 
Table 10.4 Energy predicted to induce degradation for tested materials 
 
One of the challenges of trying to accomplish these builds was the temperature difference 
that can occur throughout each part layer.  This was especially evident for the elastomer 
materials that tended to have a narrower laser power process range than the PA-12, which 
was processed from 6W up to 25W without any significant issues with curling or failed 
builds.   The ALM-TPE-210s material was processed from 10 Watts to 17 Watts after 
several trial builds where both lower and higher laser power values were attempted.  The 
main reason for the selection of this range was that a greater differential between high and 
low laser power resulted in part curling at the lower end of the spectrum.  The part curling 
would become so severe that the recoating blade on the EOS P100 would get caught on 
the sintered part and drag it across the part bed causing a failed build.  A similar effect 
was seen at with the Elastollan TPU material.  Initial build trials were run using wider 
ranges of laser power than those used for the final build.  For the ALM-TPE-210s 
material, the final build settings that were most effective ranged from 12W to 17W.  Trials 
with lower laser powers resulted in parts that would shift in the part bed (with slight 
curling on the corners) but when they were removed after the build the part dimensions 
were visibly distorted.   
 
From a qualitative perspective Figures 10.2-10.4 illustrate the effect of laser power on the 
melting of individual layers of material.  It is clear in each of the images that the lower the 
laser power the less ‘wet’ or melted the layer looks.  This was expected, as previous work 
would indicate that lower energy input could lead to sub-optimal part consolidation that 
manifests itself in poor mechanical properties.   
 
Another common observation seen with all the materials was the generation of fumes at 
higher input energies.  This was especially the case with the Elastollan TPU material even 
at the third highest energy level.  The existence of fumes coming off the material at the 
higher energy levels is one indication that the predicted EMRDeg was qualitatively 
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reasonable.  The presence of fumes is one practical measure of polymer deterioration for 
the operator.  Excessive fume generation can be a hindrance to the laser sintering process 
because residue can build up on the laser window and may change the effectiveness of the 
laser throughout larger builds.  For the purpose of this work the laser window was 
checked before and after the builds to make sure that any fumes were not creating residue 
on the laser that could cause this effect.  However, just because there are fumes from the 
material may not necessarily mean a decline in mechanical properties; rather, trying to 
process without significant polymer evaporation is more of an accepted industry practice 
to ensure machine effectiveness and reduce turnaround time resulting from minimal 
cleaning.  
 
10.2.4. Tensile	  Testing	  
Test specimens were conditioned at 20ºC (±1ºC) and at 50 percent (±5%) relative 
humidity for at least 24 hours prior to testing.  A Zwick Z030 tensometer fitted with a 
long-travel contact extensometer was used to perform the tests.  Modulus data were 
measured at 1mm/min crosshead speed to 0.25% strain, following which the tensile 
strength and elongation at break were measured at 5mm/min until specimen failure.  This 
was in accordance with previous test methods quoted in the laser sintering literature.  The 
software provided by Zwick, ‘TestXpert,; was used to calculate tensile strength, Young’s 
Modulus, strain energy, and elongation at break for each of the parts.  Appendix 7 
includes the raw tensile results/curves for each of the materials tested.   
 
10.2.5. GPC	  
Gel Permeation Chromatography was performed (at Smithers Rapra, Shawbury, UK) on 
six part samples from the individual material builds tested at all the respective Energy 
Melt Ratio values.  For example, GPC measurements were performed on each of the 
prescribed laser powers used to build the PA-12 parts including 6W, 10W, 14W, 18W, 
22W, and 25W.  Similarly this was repeated with the other materials for the full range of 
energy input values tested.  Each of the parts came from the same layer within the 
complete build.   
 
GPC requires that the materials being tested be fully dissolved into a liquid solution prior 
to evaluation.  The solvent will differ depending on the constituent material.  In the case 
of the PA-12 and ALM TPE-210s samples the solvent used was 1,1,1,3,3,3-hexafluoro-2-
138 
 
propanol (HFIP).  For the six samples of Elastollan TPU the solvent used was N,N’-
dimethylacetamide (DMAc).   The chromatographic conditions for each of the eluent 
scenarios are listed  in Table 10.5 and 10.6.   
 
For the samples using HFIP a single solution of each sample was prepared by adding 10 
mL of eluent to 20 mg of sample and leaving overnight to dissolve.  The solutions were 
well mixed and filtered through a 0.45 μm PTFE membrane prior to the chromatography.   
 
Chromatographic Conditions 
Columns Agilent PL HFIPgel guard plu 2xPL HFIPgel 300 x 7.7mm, 9 μm 
Solvent 1,1,1,3,3,3-hexafluor-2-propanol with 25mM NaTFAc 
Flow-Rate 0.8 ml/minute (nominal) 
Temperature 40°C 
Detector Refractive index 
Table 10.5 Chromatographic conditions for PA-12 and ALM TPE-210s 
 
For the Elastollan TPU parts a single solution of each sample was prepared by adding 15 
ml of eluent to 30 mg of sample and heating at 80°C to dissolve.  The solutions were well 
mixed and filtered through a 1.0 μm glass fibre pad prior to the chromatography.   
 
Chromatographic Conditions 
Columns Agilent PL-GPC 120 with PL-AS-MT autosampler 
Solvent Agilent PL PolarGel guard plus 2x Polar Gel-M, 30 cm, 8 μm 
Flow-Rate 1.0 mL/minute (nominal) 
Temperature PL-GPC 120:             80°C (nominal) 
 PL-AS-MT:               80°C (nominal) 
Detector Refractive index 
Table 10.6 Chromatographic conditions for Elastollan 
 
In both cases the chromatography data was collected and analysed using Agilent ‘Cirrus’ 
software.   
10.3. Tensile	  Test	  Results	  
Upon removal from the completed part bed the parts were cleaned using a brush and 
compressed air.  Care was taken not to damage any of the specimens during this process 
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and each part was specifically labelled with the location in the part bed and the 
appropriate parameters.  The standard tensile properties were recorded including tensile 
modulus, tensile strength, and elongation at break.  A fourth property, strain energy was 
also calculated by measuring the area underneath the stress-strain curves.  The results 
from each of the separate materials are explained below.  Additional qualitative 
observations on the parts were included for each of the three materials tested.  
 
10.3.1. PA-­‐12	  
The PA-12 part specimens had very similar surface finish even though the range of input 
energy ranged from 6W to 25W.  Figures 10.5-10.8 show the tensile test results of the PA-
12 part build.  The graphs were plotted with Energy Melt Ratio on the X-axis and 
appropriate mechanical property on the Y-axis. Each graph also has a dotted vertical line 
corresponding to the predicted EMRDeg.    
  
 
Figure 10.5 PA-12 Elongation at Break for laser sintered parts 
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Figure 10.6 PA-12 Peak stress for laser sintered parts 
 
 
Figure 10.7 PA-12 Young’s Modulus of laser sintered parts 
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Figure 10.8 PA-12 Strain energy of laser sintered parts 
 
The results from the PA-12 tensile results for Elongation at Break, peak stress, and 
toughness should a pattern of increasing properties with increasing EMR.   For each of 
these properties there seemed to be a maximum reached at the point where EMRDeg was 
predicted.  A clear pattern was not as evident with the Young’s modulus data.  There was 
higher variation in the data but it tended to reach a maximum prior to the predicted 
EMRDeg. 
10.3.2. ALM	  TPE-­‐210s	  
The ALM TPE-210s specimens were very different depending on the amount of laser 
energy used.  Visually the part samples looked very similar including the shade of white 
that was revealed after cleaning.  The specimens constructed at the low ends of laser 
power were very flimsy and were required delicate handling.   As the laser power 
increased the parts became stiffer and seemingly more durable.  Figures 10.9-10.12 show 
the tensile data for the ALM TPE-210 samples.   
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Figure 10.9 ALM TPE-210s elongation at break of laser sintered parts 
 
 
Figure 10.10 ALM TPE-210s tensile strength of laser sintered parts 
 
143 
 
 
Figure 10.11 ALM TPE-210s Young’s Modulus of laser sintered parts 
 
 
Figure 10.12  ALM TPE-210s Strain Energy for laser sintered parts 
The general trend for all four measured tensile properties showed a similar pattern.  As the 
energy input (EMR) increased the mechanical properties increased as well. The EMR 
ratio was smaller than the PA-12 however this was constrained by the practical 
requirements of attempting to sinter a wide range of energy inputs in a single build.  
While there was a definite increase in mechanical properties across the range, the 
increases grew smaller as the EMRDeg was approached and exceeded.   
 
144 
 
10.3.3. Elastollan	  TPU	  
Overall, the Elastollan TPU tensile specimens behaved in a similar manner to the ALM 
TPE-210s parts.  Visually one was not able to tell the difference between parts created 
with low laser power versus those created with higher laser power.  Additionally there 
were only slight changes in part flexibility between the high and lower laser powers.  
From a qualitative perspective there seemed to be little difference in the parts even though 
there was a laser power energy difference of almost one third from the lowest to the 
highest.  The tensile data for Elastollan TPU is shown below in Figures 10.13-10.16. 
 
 
 Figure 10.13 Elastollan elongation at break for laser sintered parts 
 
 
Figure 10.14 Elastollan tensile strength for laser sintered parts 
 
145 
 
 
Figure 10.15 Elastollan Young’s Modulus for laser sintered parts 
 
Figure 10.16 Elastollan strain energy for laser sintered parts 
The tensile results for Elastollan TPU showed increasing properties with increased EMR.  
For each of the tensile properties there was not a significant decline when the energy input 
approached the predicted degradation point.  The material tended to behave more 
similarly to the other elastomer material than compared with the PA-12.   
 
10.4. Molecular	  Weight	  
The results of the tensile tests were a practical measure of whether high-energy 
application beyond the point of predicted degradation would have an adverse effect on the 
different materials tested.  The subsequent molecular weight measurements served as a 
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method to understand the effect, if any, of the higher laser power on the polymer chain 
structure and chain length.  A polymer that has been significantly degraded usually 
indicates lower molecular weight, which could be an explanation for reduced mechanical 
properties.  On the other hand if the polymer chains increase in molecular weight the 
sintering process could be affected because this may increase melt viscosity and make 
consolidation with neighbouring particles more difficult (Hitt 2011).  In turn, this would 
potentially make the amount of partially sintered regions more prevalent in the part, which 
could also reduce mechanical properties.   
 
The results from the GPC tests of the three materials are listed below, including the 
molecular weight of the original powder which came from the same batch of material 
used in the builds.   
 
10.4.1. PA-­‐12	  
The PA-12 GPC results from parts and powder are shown in Table 10.7 and Figure 10.17.  
The values are sorted in ascending laser power and corresponding EMR values.  The 
polydispersity index for each of the values is included alongside the molecular weight 
data.  The polydispersity index is the measure of distribution of molecular mass in the 
sample and was calculated by dividing the weight average molecular weight (MW) by the 
number average molecular weight (Mn).  A polydisperity index of one means that all the 
molecular chains have a uniform length and a higher value means that the distribution of 
chain length is larger.   
 
Wattage EMR Mw (g mol-1) Mn (g mol-1) Polydispersity 
Powder - 18800 6650 2.8 
6 1.74 48700 11800 4.1 
10 2.89 37400 10700 3.5 
14 4.06 37800 9940 3.8 
18 5.21 39500 11400 3.5 
22 6.38 41800 11200 3.7 
25 7.25 45400 11900 3.8 
Table 10.7 GPC data for laser sintered PA-12 at increasing input energy values. 
 
One of the first things that stand out from the GPC data of PA-12 is the nearly 2.5x 
increase from the powder to a sintered part. This is consistent with previous 
measurements reported by Zarringhalam et al (2009) and Haworth et al (2011).  The 
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polydispersity index also increases for the physical parts.  This would indicate that the 
additional heat being applied to the polymer through the high bed temperature and laser 
energy acts as a mechanism to increases the molecular weight by chain extension, thought 
to be a polycondensation reaction (Vouyiuka et al., 2005).   
 
Figure 10.17 PA-12 GPC results from laser sintered parts 
 
The maximum molecular weight occurs at the lowest laser power (6W/1.74EMR) and 
then there is a slight plateau in the mid-range values of energy input from 2.9-5.2 EMR.  
Beyond this point there was a modest increase in molecular weight at the points where 
degradation was predicted using the TGA results.  There is not a clear pattern with the 
polydispersity index of the PA-12.  The values start high at the lower energy input and 
then decrease slightly before increasing at the higher ends of the energy input spectrum.   
 
10.4.2. ALM	  TPE-­‐210s	  
The GPC results for the parts and powder of the ALM TPE-210s material are shown in 
Table 10.8 and Figure 10.18.  In contrast to the PA-12 results the initial molecular weight 
from the powder to the first sintered part decreased by roughly one quarter with a slight 
increase in the polydispersity index.  This increase would indicate an increase in smaller 
molecules.   
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Laser Power EMR MW (g mol-1) MN (g mol-1) Polydisperity 
Powder - 86700 38900 2.2 
10 1.4 68100 28600 2.4 
12 1.7 67100 28400 2.4 
14 2 66100 27300 2.4 
15 2.1 64300 26400 2.4 
16 2.3 62700 25000 2.5 
17 2.4 63000 24500 2.6 
Table 10.8  GPC data for laser sintered ALM TPE-210s parts at increasing input 
energy values. 
 
The molecular weight values between did not change significantly when the energy input 
values were increased, rather they stayed fairly constant even with the large changes in 
laser power.  However there was an overall trend toward decreasing molecular weight 
from the initial laser power of 10 Watts that resulted in a molecular weight of 68100g/mol 
to 63000g/mol at 17 Watts.  There was a slight increase in the polydispersity index from 
the lowest values of laser power/EMR.    
 
 
Figure 10.18 ALM TPE-210s results from laser sintered parts 
As the parts approached the predicated degradation point the molecular weight was in 
decline.  Although the difference was small this is likely to be the result of chain scission.  
The polydispersity index at the higher energy levels increased as well which indicates a 
greater presence of smaller chains in the part samples.   
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10.4.3. Elastollan	  TPU	  
The GPC data for the laser sintered Elastollan TPU parts are shown in Table 10.9 and 
Figure 10.19.  The material had similarities to both the PA-12 as well as the ALM TPE-
210s.  The Elastollan behaved similar to the PA-12 based on the increase of the molecular 
weight from the powder to the sintered parts.  This increase was roughly 20000g/mol from 
the powder to the first sintered part.  However, similar to the ALM TPE-210s the 
molecular weight values of the parts stayed fairly constant through the range of applied 
laser power values in the region of 92000 g/mol.  The polydispersity index was also fairly 
constant throughout the range of tested input energy values.  This reinforces similar 
observations by Plummer (2012) in which the same material was recycled up to 3 times 
with no significant change in particle size or ability of the powder to be sintered.   In this 
case the material does not seem to be changing chemically within a build layer.  One 
explanation for the initial increase in Mw could be the result of a condensation reaction in 
the polyurethane, similar to polyamide.   
 
Table 10.9 GPC data for laser sintered Elastollan TPU parts at increasing input 
energy values.  
 
 
EMR Mw (g mol-1) MN (g mol-1) Polydispersity 
Powder 0 73700 29700 2.5 
12 4 94900 42050 2.3 
13 4.3 91500 40550 2.3 
14 4.7 94800 41650 2.3 
15 5 92400 42450 2.2 
16 5.3 94100 41450 2.3 
17 5.7 92200 41100 2.3 
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Figure 10.19 Elastollan GPC results from laser sintered parts 
 
Of the three materials tested the Elastollan TPU results showed the least amount of 
change between high-energy input and lower energy input.  Even up near the predicted 
degradation point there was little in terms of pattern for the molecular weight results even 
though there was significant evidence of evaporation of material from the sintered areas 
during laser interaction.  There was really no change to the polydispersity index at these 
higher laser power (EMR) values as well.   
 
10.5. Discussion	  
The work discussed throughout this thesis has aimed to develop the concept of the novel 
concept of the Stable Sintering Region.  A practical verification of the concept using laser 
sintering builds and GPC was completed in this chapter to further explore whether a 
method for predicting the amount of input energy to degrade a material had implications 
on the mechanical properties.  Subsequently if this was the case, molecular weight tests 
were performed to see if the cause for mechanical property changes could be accounted 
for by molecular weight changes. Again the focus of this experimental work was the PA-
12, ALM TPE-210s, and Elastollan TPU.  All three materials were tested for both their 
tensile properties and molecular weight changes at various energy input levels from the 
low end of the spectrum to a point beyond where degradation was predicted.  A graph 
summarizing the GPC and elongation at break results together for each of the three 
materials is shown in Figures 10.20-10.22.   
151 
 
 
Figure 10.20 PA-12 Combined tensile and GPC results 
 
The PA-12 results (Figure 10.20) showed a pretty clear upward trend, peak, and decline 
for elongation at break.  This peak seemed to occur at the point predicted by the TGA 
results for 1% degradation.  A very similar trend was seen with the tensile modulus and 
strain energy results as well (Figure 10.6 and Figure 10.8).  It seems clear that 1% 
degradation is a reasonable value for the PA-12 material and energy settings that exceed 
this point could lead to inconsistent parts that would show sub-optimal mechanical 
properties.   
 
The molecular weight values corresponding to each of the energy input values were 
overlaid onto the elongation at break values in Figure 10.20.  Initially the molecular 
weight values decreased and then seemed to plateau in the middle range of parameters.  
As the laser power increased towards the predicted degradation region the molecular 
weight values started to increase again.  At the low end of the input energy the molecular 
weight is high and the properties are low.  This could suggest that there was not sufficient 
energy to fully melt and consolidate the polymer particles because the high molecular 
weight restricted the polymer’s ability to flow.  As the input energy increased the 
molecular weight dropped to the range of 30-40000 g/mol and the mechanical properties 
started to improve.  This may indicate that the extra energy caused a molecular weight 
change that may have allowed the particles to flow more easily with a lower viscosity.  
This would have the effect of eliminating some of the viscosity barriers seen at the lower 
energy levels and then allow the particles to sinter more completely.  As the input energy 
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approaches the predicted degradation point the molecular weight increases again towards 
the 40000 g/mol region.  At the same parameters the mechanical properties are starting to 
reach a maximum before starting to decline.  The conditions at this point may have led to 
conditions that induced chemical chain growth.   
 
For polymer processing there is a constant challenge to balance the molecular weight to 
ensure favourable flow that comes from shorter chains and promote high mechanical 
properties that comes from longer chains.  The results from the PA-12 illustrate this trend 
at the higher energy as well as the lower settings.  As the molecular weight appeared to 
increase beyond the predicted degradation point the mechanical properties declined 
indicating that higher molecular weight was inhibiting flow characteristics rather than 
causing chain scission and a drop in molecular weight.   
 
The two elastomer materials behaved in a different manner than the PA-12 (shown in 
Figures 10.22 and 10.23).  One clear difference that stands out immediately is the lack of 
drop off in mechanical properties as the material is subjected to high laser energies 
beyond their predicted 1% degradation point.  In both sets of data for the ALM TPE-210s 
and Elastollan TPU the mechanical properties continue to improve as more energy is 
applied.  This was the case for the other mechanical properties including tensile modulus 
and strain rate as well.   
 
In terms of molecular weight the two elastomer materials behave slightly differently.  The 
ALM TPE-210s material experiences a shallow decline in molecular weight with the 
addition of more laser energy.  However, this same trend is not evident with the Elastollan 
TPU material.  In fact, rather than increasing or decreasing the molecular weight stays 
more or less constant throughout the range of laser powers explored.   
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Figure 10.21 ALM TPE-210s combined tensile and GPC results 
 
 
Figure 10.22 Elastollan TPU combined tensile and GPC results 
There is a very large difference in molecular weight between the two elastomer materials 
and the PA-12.  The ALM TPE-210s material has a molecular weight that is roughly one 
and a half times that of the PA-12 and Elastollan TPU is even greater at nearly double the 
molecular weight of PA-12.  This simple observation raises the concern that the high 
molecular weight would cause difficulty during laser sintering because the longer chains 
would inhibit flow and full consolidation especially since no additional forces assist the 
process.  This thought is strengthened by the data shown previously using the hot stage 
microscope when the time for sintering in the elastomer materials was longer than the PA-
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12.  This is a reflection large difference in molecular weight between the materials.  It is 
important to note that Mw is only a weighted average of molecular weight and while it 
does not give an absolute molecular weight it is a very good indicator of the chain sizes of 
molecules. 
 
Returning to the combined molecular weight and mechanical property data for the ALM 
TPE-210 material should be considered factors that could account for the data pattern.  
First, it is obvious that heating a material will make it flow better (viscosity reduction) and 
for the laser sintering process this can effectively enhance consolidation.  Also, lower 
molecular weight polymers tend to have lower viscosity that also contributes to the ability 
of a material to flow and consolidate in the process.  So in the case of the ALM TPE-210 
material the mechanical properties increased as the laser power increased but at the same 
time the molecular weight was decreasing.  It seems that both conditions are involved for 
the material. 
 
In contrast for Elastollan TPU, a change in molecular weight does not really accompany 
the rise in properties during increased energy exposure.  This suggests that the sintering 
behaviour is benefiting more from the increased applied energy rather than a change in 
molecular weight.  Generally it seems that each material acts slightly differently which is 
not unexpected given the differences in chemical structure, flow properties and possible 
mechanisms of degradation.  However, one thing that was observed with all three 
materials was fuming and possible polymer evaporation at the higher ends of the energy 
input spectrum.  The data confirms that the fumes do not necessarily cause a decline in 
mechanical properties; rather it could be small particles evaporating off the surface of the 
polymer layer.   
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11. Discussion	  
The novel concept of the Stable Sintering Region was the focus of the final three 
experimental chapters of this thesis. The term was developed after an initial thermal study 
of a selection of laser sintering materials was completed using TGA. This chapter serves 
as a full discussion of the work done to develop, define, and implement the concept by 
reflecting on the original hypothesis and research objectives.   
 
11.1. Context	  with	  current	  laser	  sintering	  research	  
The Stable Sintering Region was based on the thermal data on laser sintering materials 
gathered from DSC and TGA.  DSC is now becoming a standard characterization test for 
the laser sintering community however, the use of TGA is less common.  DSC is a useful 
tool to characterize the laser sintering ‘Process Window’ (Figure 11.1).  This is the 
conventional nomenclature in the laser sintering industry that refers to the super-cooling 
region between the melting and re-solidification peaks of the DSC plot and is used to 
determine bed temperature to avoid negative build outcomes such as curling.   
 
 
 
Figure 11.1  Traditional Laser Sintering Process Window 
Nevertheless DSC only gives a partial thermal picture for the material.  The laser energy 
input melts the materials and begins the liquid phase sintering sequence.  The effect of 
increasing energy density on part mechanical properties was investigated for PA12 by 
Caulfield et al (2006). The work showed that tensile strength, modulus, and elongation at 
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break generally increase with more input energy before reaching an apparent maximum.  
Ho (1998) obtained similar results with laser sintered bisphenol-A polycarbonate (PC) and 
Majewski (2007) showed the same pattern exists following High Speed Sintering.  These 
studies suggest that higher energy generally promotes more complete consolidation of 
polymer powders during manufacture.  However, a maximum energy density is reached, 
after which mechanical properties decline due to polymer deterioration.   
 
In order to achieve high-quality laser sintered parts, it is necessary to melt the polymer 
material to initiate liquid-phase flow necking and consolidation. As the data presented by 
Caulfield et al. (2006) suggests, the more fully heated the PA-12, the stronger the 
predicted properties, since viscosity decreases at higher melt-state temperatures. However, 
if the temperature developed on the particles is too high, an opposite effect can occur due 
to over heating, resulting in loss of properties.  Using the data from the TGA, DSC and 
temperature calculations discussed in Chapter 6, the new term ‘Stable Sintering Region’ 
was proposed to better characterize the principal melting event during the laser sintering 
process.   
 
Once this term was created a methodical set of experiments was carried out on three 
different polymers including two elastomer materials.  The inclusion of elastomer laser 
sintering materials in a full characterization study goes beyond existing literature on the 
topic that primarily focuses on PA-12.  The first step in this process was to use TGA as a 
primary means to understand the conditions at which the polymers would degrade.  Bates 
et al. (2011) outlined a method to use TGA to create a thermal model to predict 
temperature distributions at a weld interface during transmission welding.  The method 
predicted an upper limit for the energy delivered to the interface of the weld.  A similar 
method was implemented in the present study, applied to the laser sintering process.   
 
Attempts have been made to assess the acceptable thermal processing region for more 
established polymer processing technologies like injection moulding by quantifying the 
range in which thermally induced degradation occurs.  Work by Colin et al. (2006) used a 
combination of temperature and molar mass data to create polymer processability 
windows.  Because factors other than temperature can account for degradation (process 
residence time and mechanical stress), including mechanisms such as hydrolysis and 
themo-oxidation, thermal stability is not easily defined and is also difficult to predict in a 
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manufacturing environment.  However, TGA offered the most suitable testing method to 
go about this research.   
 
This study did not examine the exact chemical reactions occurring during the laser 
sintering process for PA-12, ALM TPE-210s, or Elastollan TPU; instead, the aim of this 
research was to develop a quantitative method to connect the material characterisation 
data for the materials from TGA to the machine input parameters. This would enable the 
data to be utilised in prescribing an optimum window for sintering, before the onset of 
degradation affects mechanical properties.   
 
11.2. Primary	  Investigation:	  Stable	  Sintering	  Region	  [Hypothesis	  	  
&	  Research	  Objectives]	  
 
The application of TGA for laser sintering materials was something that had not been 
thoroughly covered in the academic literature and would ultimately prove to be the 
foundation of the principal hypothesis and experimental research of this thesis.  The 
original aim of the TGA tests performed in Chapter 6 was to identify a material’s thermal 
stability and compare that with various laser sintering polymers.  In the context of 
polymer selection for the process this was quite useful with the thermal information from 
DSC and the sintering rate.   
 
The Stable Sintering Region term was created because there was no quantitative 
exploration of the region above the melt point where polymer sintering actually takes 
place.  This term is outlined graphically in Figure 11.2, and is the result of combining the 
results from the DSC and TGA tests for PA-12. The DSC is used to track the endothermic 
melting temperature range of the nylon (minimum sintering requirement), and the TGA 
analysis gives an upper temperature limit for the material. The upper limit for the process 
temperature is material dependant and can be identified from knowledge of the chemical 
degradation mechanism and the sensitivity of reaction kinetics to factors such as 
temperature, environment, and exposure time.   
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Figure 11.2 Stable sintering region example for PA-12 
 
Figure 11.3 expands the approach, to show the laser sintering process window 
incorporating the region beyond the minimum sintering conditions and the Stable 
Sintering Region.  Figure 11.3 is a visual representation of the thermal profile of PA-12 
powder from room temperature to the upper degradation limit. The diagram is a laser 
sintering specific explanation of the process window divided into several distinct sections. 
First, the material is heated to a point at which it starts to melt and flow.  Mathematical 
approaches such as the Frenkel model have illustrated the importance of viscosity and 
surface energy in the initiation of liquid phase sintering.  The Stable Sintering Region is 
the temperature range in which the material can be processed without being degraded, 
with viscosity as a key physical property within this region. Once the material is sintered 
by the laser the temperature drops, and the material consolidates in cooling mode. The 
material stays in the melt phase below the melt temperature until crystallization initiates. 
This defines the supercooling window. Typically laser sintering machine operators set the 
bed temperature in this zone, but the SSR emphasizes the consequences of over-heating 
with the laser.   
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Figure 11.3 Laser sintering process window and the definition of the ‘Stable 
Sintering Region’ 
Understanding the parameter design and optimization of the laser sintering process is 
valuable for end users, machine/process designers, and material manufacturers. The 
ability to process at varying conditions, such as laser power, bed temperature, or scan 
count, is one of the strengths of the machine capabilities and allows the user to tune the 
mechanical properties of their parts. However the introduction of a ‘Stable Sintering 
Region’ is a tool that can be used to further explore different materials. Previously, the 
main thermal characterization instrument used for laser sintering materials was DSC; 
however, with the addition of a TGA test, more information on the polymer can be used to 
identify behaviour throughout the full range of temperatures seen in the process, in both 
heating and cooling modes. 
 
The term ‘Stable Sintering Region’ was introduced as a platform concept that was 
developed with the idea that it could be applied to many materials outside of PA-12 and 
subsequent work in the later chapters intended to identify the exact TGA methodology 
that gives a complete mass deterioration picture.  The discussion presented in Chapter 6 
highlighted the usefulness of the concept when trying to understand why certain materials 
such as PA-12, PA-11, and PA-6 are so different in the laser sintering process due to the 
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relationship between the material’s melt endotherm, super-cooling windows, and onset 
degradation points.   
11.3. Verification	  of	  the	  Stable	  Sintering	  Region	  
The primary hypothesis of this work was that TGA should be used as a principal tool for 
evaluating the degradation onset point of laser sintering materials.  Coupled with the melt 
endotherm information the proposed Stable Sintering Region can be used to evaluate a 
material’s process behaviour and the parameters resulting in constructed parts.   
 
The objective of this section is to review the hypothesis along with the research objectives 
(listed below) to discuss the overall context of this work.  The research objectives were 
broken down into four key points:   
 
1. Measure and define a Stable Sintering Region window for three different 
powdered polymer materials 
2. Build laser sintered parts along a range of EMR inputs to illustrate the scope of 
SSR in different materials 
3. Identify the extent of degradation on the mechanical properties of laser sintered 
parts and compare with melt degradation window results.   
4. Establish if SSR is a useful measure for the development of new polymers for 
laser sintering.   
11.3.1. Research	  Objective	  #1:	  Measure	  and	  define	  a	  Stable	  Sintering	  Region	  
window	  for	  three	  different	  powdered	  polymer	  materials.	  	  	  
 
The introduction of the Stable Sintering Region was a significant contribution to the 
understanding of the laser sintering process.  However, in order to fully explore the 
concept three materials were chosen to quantify and apply the concept for the process.  
The materials that were selected included PA-12, Elastollan TPU, and ALM TPE-210s.  
The reason for this choice was that that the materials have a range of Stable Sintering 
Regions, as measured by the temperature difference between melting and the onset to 
degradation (weight loss).  Additional differences included chemical structure and melting 
behaviour.   
 
In order to further explore the effect of thermal degradation on these three materials TGA 
protocols were performed in isothermal states, at various heating rates, and at different 
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atmospheric conditions.  All of these different test methods have direct implications in the 
laser sintering process.  In the case of isothermal testing the powdered material can be 
exposed to high temperatures for an extended period of time as the build occurs.  
However, the heating of the material during sintering occurs very quickly, which is why a 
range of heating rates was tested to the extremes of TGA machine capabilities.  Variable 
degrees of oxygen concentrations were tested in order to simulate the fact that the process 
under normal conditions, takes place at lower oxygen concentrations around 5%.   
 
It was decided that a weight loss value of 1% was the most appropriate value for selecting 
an upper limit for the Stable Sintering Region.  This determination was made based on 
previous observations seen with PA-12 with more conventional processing techniques like 
injection moulding.  For PA-12 the equivalent temperature that would result in a 1% 
weight loss measured at a standard TGA heating rate of 10 °C/min was 325°C.  Similarly 
the 1% weight loss for Elastollan and ALM TPE-210s were 264°C and 223°C, 
respectively.  More conventional polymer processing technologies such as injection 
moulding typically have upper temperature ranges that are dependent on the material 
used.  For PA-12 this temperature range is close to the 1% weight loss and it was thought 
that a decline in mechanical properties would be seen near this range in laser sintering.     
 
11.3.2. Research	  Objective	   #2:	  Build laser sintered parts along a range of EMR 
inputs to illustrate the scope of SSR in different materials	  
Once the decision to make 1% weight loss the upper limit of the stable sintering region 
was made; the goal was to implement this material characteristic measurement into 
tangible operating conditions for laser sintering.  The difficulty in doing this was the fact 
that the TGA data results in a specified temperature at which degradation occurs.   
 
Temperature is a challenging element to measure for the speeds that occur in laser 
sintering and temperature distribution along the layer and therefore a different approach 
needed to be taken.  In order to accomplish this transformation the Kissinger Method was 
applied to analyze the TGA data at various heating rates from each material (Kissinger, 
1957).  The result of this calculation was the activation energy required to degrade the 
material.  This value could then be used as a conduit for application in the laser sintering 
context.  Using the Energy Melt Ratio, currently the most advanced and practical way to 
incorporate all the variables of machine inputs into the laser sintering system, the exact 
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parameters corresponding to the energy needed to degrade the polymers were identified 
using this concept (Starr 2011).   
 
This mathematical methodology was able to transfer raw materials processing data to 
actual machine parameters.  This is a significant step forward in the understanding and 
control of laser sintering (see Chapter 9).  The method allows for a targeted and strategic 
approach to finding new materials that not only will work successfully in the process but 
gives guidance as to the appropriate build parameters.   
 
The premise of the Stable Sintering Region and the subsequent quantitative application 
follows the work of Caulfield et al. (2006) who showed that mechanical properties like 
elongation at break tend to drop off for laser sintered PA-12 at high energy inputs.  In 
order to conduct a comprehensive analysis on the quantitative methods proposed for 
calculating the optimum sintering parameters, it was necessary to perform laser sintering 
builds with each of the materials in question.   
 
A single build setup was chosen using tensile specimens as the primary part to gather 
mechanical property data.  Tensile testing remains the laser sintering community’s most 
often used and trusted measure for comparing mechanical properties.  Laser power was 
chosen as the variable that would be altered during the build of the range of parts and an 
attempt was made to maximize the range of energy input tested for each material. Table 
11.1 reviews the calculated EMRDeg value (Chapter 9.6) with the equivalent laser power 
that was predicted for degradation.  
  
 PA-12 ALM TPE-210s Elastollan 
EMRDeg 6.2 2.2 5.0 
Equivalent Laser Power (W) 21 15.5 15 
Table 11.1 Energy predicted to induce degradation for tested materials 
 
In each of the material trials evidence of fumes were observed at the higher energy levels.  
Other qualitative observations were noticed upon the removal of parts from the bed.  Parts 
that were built with very low laser energy input seemed to be more fragile and the 
elastomers were much more flexible at lower energies.   
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11.3.3. Research	  Objective	  #3	  Identify the extent of degradation and its effect on 
the mechanical properties of laser sintered parts and compare with melt degradation 
window results.  	  
 
The mechanical properties of the parts built were tensile tested as well as examined using 
the Gel Permeation Chromotography.  GPC added a further dimension of analysis that 
provides insight as to whether there were changes to the molecular chain structure being 
caused by the high energy applied.  Figure 11.4 shows the plot of EMR versus Mw for the 
three materials tested.  One of the interesting findings from this plot is the behaviour of 
the PA-12 and Elastollan TPU.  Both materials show increases in their Mw from initial 
powder to parts.  This would suggest that the chains are increasing in length with added 
energy.  One potential explanation for this would be that the laser energy and elevated 
temperatures are creating conditions for polycondensation reactions to occur in the PA 
and TPU materials.  The ALM TPE-210s material behaves more like a conventional 
polymer where the Mw decreases beyond the point of heat induced deterioration, possibly 
due to a different mechanism of thermally induced degradation.   
 
Figure 11.4 EMR versus Mw for all three materials tested 
 
It was originally thought that there would be a transition point where mechanical 
properties would decline.  However, the results for all three materials were not consistent 
(See Chapter 10.3).  The prediction of energy for degradation (1% weight loss) was very 
effective for the PA-12 tensile properties.  The elongation at break was near its maximum 
near the predicted EMR and started to decline at higher values.   This was supported by 
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lower mechanical properties (high molecular weight) at the lowest ends of the laser 
energy input as well as the high-energy input.  This suggests that the excess energy may 
have been causing a chain extension reaction to occur.  Chain extension has been shown 
to occur in the solid state within the build area (Haworth, Hopkinson 2010).  The chain 
extension behaviour would lead to higher viscosity making complete sintering more 
difficult, thus causing the decline in properties.  Another possibility could be thermo-
oxidative degradation resulting from excessive temperatures however colour changes that 
can potentially accompany that method of deterioration were not seen (Appendix 10). 
 
The tensile data was different for the elastomer materials (Chapter 10.3).  It is worth 
noting that there was an initial molecular weight difference between the elastomers and 
the PA-12.  The ALM TPE-210s material has an initial molecular weight that is roughly 
one and a half times that of the PA-12 and Elastollan TPU is even greater at nearly double 
the molecular weight of PA-12.  The data for the elastomer materials (Chapter 10.3.2-3) 
did not show a drop off in mechanical properties beyond a critical energy input, but rather 
the mechanical properties seemed to improve.  Although the mechanical properties did 
improve for both elastomers there were slight differences in the effect of high energy on 
the molecular weight of the materials.  For the ALM TPE-210s material the mechanical 
properties increased at the same time that molecular weight was decreasing, i.e. smaller 
chains equals more efficient consolidation which is associated with stronger parts (Figure 
11.5).   
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Figure 11.5 Competing effects of molecular weight increases 
 
In contrast, the Elastollan TPU showed fairly constant molecular weight measurements 
while mechanical properties increased.  This suggests that the sintering behaviour of 
Elastollan TPU was benefitting from the increased energy exposure but not to the extent 
that effects of chain degradation were occurring.  However, the Elastollan TPU did show 
a high propensity for fuming at the higher energy inputs.  The effect of fumes in the laser 
sintering machine if left unaddressed could lead to disturbances with the laser accuracy as 
fumes could settle as residue on the lens.   
 
Figure 11.6 shows the plot of strain energy versus EMR for all three of the materials 
tested.  The data showcases one of the key differences between the materials tested, EMR 
range.  The values for EMR with PA-12 spanned nearly six full increments while ALM 
TPE-210s spanned roughly one increment and Elastollan TPU spanned about two.  The 
trends have some interesting implications for laser sintering and the EMR concept in 
general.  The data reinforces the fundamental underpinnings of the EMR concept that a 
minimum of just over one is required for sintering of parts to occur.  Additionally, the 
data implies absorbance differences between the three materials and the amount of energy 
they take in.  Further work would be needed to come to more clear conclusions however 
the comparison of materials using this method of presentation could be extremely useful.     
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Figure 11.6 Toughness v. EMR for all three materials 
 
Nevertheless the GPC data provided some further insight suggesting that there was a 
critical molecular weight range that, if exceeded, would result in poor properties.   Figures 
11.7-11.9 shows the strain energy plotted against Mw for each of the three materials.   
 
 
Figure 11.7 PA12 Toughness versus Mw 
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Figure 11.8 ALM TPE-210s Toughness versus Mw 
 
 
Figure 11.9 Elastollan TPU Toughness versus Mw 
 
The results for these three materials reveal an interesting pattern.  The data suggests that 
for each of the materials there is a visible Mw region that delivers the maximum 
properties.  The pattern is evident for the PA-12 and ALM-210s materials while the 
Elastollan TPU shows a sharp decline beyond roughly 95000 g/mol.  The maximum 
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properties for the PA-12 material spans a Mw range from 40000-48000 g/mol while the 
ALM-TPE-210 has a much narrower window of about 63000-64000 g/mol.   The further 
understanding gained from this display of the tensile results could offer a more detailed 
definition of the Stable Sintering Region using Mw through Figure 11.10. 
 
 
Figure 11.10 Stable Sintering Region Map including Molecular Weight and EMR 
 
The plot shows EMR versus Mw and the new understanding from the tests done on these 
three materials highlights the Mw range in which the highest properties could be achieved.   
It is noted that further work would be needed to fully characterize a material 
quantitatively however; the indications from this work propose that a bespoke Optimum 
Sintering Region Map for different materials is possible.   
 
11.3.4. Research	   Objective	   #4	   Establish if SSR is a useful measure for the 
development of new polymers for laser sintering.  	  
 
The final experimental chapter (Chapter 10) was the culmination of all the previous work 
taking a materials science and polymer engineering approach to the laser sintering 
process.  Throughout earlier Chapters (8-9) a more complete understanding of degradation 
and sintering behaviour was applied specifically to three distinct materials with unique 
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characteristics.  The concept of a Stable Sintering Region was established to determine the 
melting range where a material is most likely to form quality part and Chapter 10 built on 
this methodology to quantify the concept in a way that could be applied to the physical 
parameters that are inputted by the user of a laser sintering machine.   
 
The results from the degradation prediction calculations guided the experimental process 
of building tensile specimens to characterize the effect of increasing input energy on the 
mechanical properties of a part as well as the molecular weight.  The results of these tests 
showed three different cases. For the PA-12 the degradation prediction point was 
extremely accurate however the accompanying molecular weight data showed that the 
higher energy actually caused the chains to increases in size rather than degrade by chain 
scission.   
 
In the case of the elastomer materials the increasing energy actually led to mechanical 
property gains even above the predicted degradation point of 1%.  For the ALM TPE-210s 
material the molecular weight declined with each successive energy interval increase that 
suggested that both additional heat and lower molecular weight had a beneficial effect on 
sintering and subsequent mechanical properties.   
 
For the Elastollan TPU material the mechanical properties also increased beyond the 
degradation prediction point. Nevertheless, the molecular weight stayed fairly constant. It 
was concluded that the increased heating effect from higher laser power helped the 
sintering behaviour and led to more consolidation and higher mechanical properties.   
 
Although the data suggested that the degradation prediction regions were not similar for 
each of the materials it did provide very realistic machine parameters.  This could be a 
significant time and material saving method that can be employed when processing a new 
material for the first time and trying to optimize properties by optimizing the design of the 
LS process parameters.   
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12. Conclusions	  and	  Suggestions	  for	  Future	  Work	  
12.1. General	  Conclusions	  
This thesis is entitled ‘Analysis and Development of New Materials for Polymer Laser 
Sintering.’  The ability to enhance and expand the development process for new polymer 
materials is one of the greatest needs in the laser sintering community.  The contributions 
discussed in this thesis have significantly improved the possibilities for future researchers 
and companies to expand the potential for the technology to be implemented to a wider 
range of material applications.  This in turn can influence innovation within the product 
design and greater additive manufacturing community.   
 
The first portion of this work proposed, tested, and implemented a comprehensive 
development scheme was using a range of characterization tests for multiple materials.    
The initial motivation for this work was the current state of laser sintering of polymer 
materials.  Laser sintering focused companies like EOS and 3D Systems have existed for 
the most part without direct competition from larger polymer producers and distributors. 
These larger companies tend to lack the focused knowledge of the key requirements of the 
laser sintering process because the overall demand and quantities of raw materials for 
laser sintering is much smaller than other more established processes like injection 
moulding.  The solution that this thesis presents is the development of a systematic 
method to identify and propose new materials containing novel concepts and solutions to 
make this process better understood.  Validation of this method was realized at Burton 
Snowboards through the successful implementation of Elastollan TPU into their 
prototyping capabilities.  It is understood that this was the first time that material had been 
used specifically for laser sintering.  The understanding and new knowledge that has been 
developed, implemented and validated can now be translated into a tool for polymer 
companies attempting to identify and develop new laser sintering materials.   
 
Prior to this work the concept of a laser sintering process window was defined only as the 
thermal super-cooling region of a polymer from conventional DSC.  This is useful in the 
understanding the conditions at which to set the machine bed temperature during 
processing however it delivers little insight what outcomes are possible when the addition 
of the laser energy melts the material.  The novel concept of the Stable Sintering Region 
was created as a direct consequence of the work done characterizing multiple laser 
sintering materials to describe the heating process above the melt endotherm and up to the 
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point where material degradation and changes in in molecular structure cause 
deterioration.   
 
Process Window 
(Existing) 
 Stable Sintering Region 
(Proposed) 
Polymer heating prior to 
and after Sintering 
PhD Thesis Heating above the polymer 
melt point to induce liquid 
phase sintering 
Supercooling region 
between melt and 
solidification 
temperatures 
 Region between minimum 
requirements for sintering 
to occur and thermal 
degradation 
Figure 12.1 Evolution of laser sintering understanding 
 
Further development of this concept using detailed characterization techniques and 
applying previous mathematical methods (Kissinger) further clarified the concept into a 
useful term for practical use.  Finally the Stable Sintering Region concept was applied 
using the Energy Melt Ratio to build an innovative and original method for directly using 
material characterization data to predict appropriate machine parameters.  The laser 
sintered part tensile and GPC analysis added an even greater dimension to the 
understanding of input energy within the process and its effects on molecular structure as 
well as component properties, for rigid plastics (PA12) and elastomers.    
 
12.2. Specific	  Conclusions	  
12.2.1. Methods	  to	  Develop	  Materials	  for	  Laser	  Sintering	  (Chapter	  6)	  
For polymer laser sintering, polyamides are by far the most accessible materials available.  
While it is true that progress has been made in altering the mechanical properties of the 
material through fillers (glass beads or carbon fibre) the underlying properties of the 
material constrains the breadth of mechanical properties that are available.  However, one 
of the great strengths of materials like PA-12 and to a lesser extent PA-11 its ability to 
work well in the laser sintering process.   
 
1. Illustrated the distinct differences in thermal properties and super-cooling window (as 
measured by DSC) between elastomers (ALM TPE, Duraform Flex, Elastollan TPU) 
and semi-crystalline materials (PA12, PA11, PA6).   
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2. Hot stage microscopy proved to be a practical verification of the Frenkel model as a 
method to characterize a material’s sintering rate.  The method offers a unique visual 
and quantitative way to understand the influence of viscosity and surface free energy 
during liquid phase sintering and coalescence.  Therefore it creates the opportunity to 
tailor materials for performance in the process.   
3. Elastollan TPU (SP9269) was previously a material with unknown sintering 
capabilities but was identified due to its low shear viscosity.  This work showed that it 
had many of the same characteristics as other commercial laser sintering materials.  
Sintering research based on these findings resulted in successful sintering trials at the 
university and ultimately at Burton Snowboards’ Rapid Prototyping facility.  This 
reinforced the idea of using a highly sinterable material like PA-12 as a benchmark for 
favourable properties.   
4. TGA proved to be a very useful characterization technique for defining the polymer’s 
thermal behaviour beyond the melt endotherm and towards the region of degradation.  
This allowed for a better understanding of why a polymer such as PA-6 with a high 
melt point and low degradation point is more difficult to process than PA-12 with the 
same degradation point but lower melting point.  Similarly, the technique was used to 
detect differences in sintering potential within the elastomer materials tested.   
5. Alone each of the three characterization techniques (DSC, HSM, TGA) only revealed 
a small portion of whether a material might be suitable for the laser sintering process, 
but combined the information can give a strong indication of its potential use in the 
process. Additionally the material requirement to do the characterization tests was 
quite minimal.    
 
12.2.2. Stable	  Sintering	  Region	  (Chapters	  8-­‐10)	  
A proposed Stable Sintering Region was the core of this thesis.  It was the focus of the 
final three experimental chapters and provided some valuable understanding of the laser 
sintering process for polymers.   
 
1. The Stable Sintering Region concept is a novel way and insightful way to more fully 
understand the impact of high energy input during the laser sintering process on 
mechanical properties and molecular weight.   
2. Just as DSC is a useful tool in characterizing the conventional ‘Process Window’ for 
laser sintering, TGA has proved to be an analogous system for the Stable Sintering 
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Region.  The technique was used heavily on three different materials (PA12, ALM 
TPE-210s, and Elastollan TPU) to better understand the effect of heating rate, elevated 
isothermal regimes, and test atmosphere.   
3. The Kissinger Method is a necessary tool to transform raw TGA data (weight loss 
versus temperature) to a more useful value of energy required to degrade the material.  
This allows for a direct translation of the data into a state where machine parameters 
could be predicted.  It was successfully used on the three laser sintering materials in 
order to test the effects of energy input on mechanical properties and molecular 
weight. 
4. The Stable Sintering Region concept is best applied using the Energy Melt Ratio term 
that defines the amount of energy required to melt the material.  It allows for the 
prediction of degradation impact on mechanical properties for each of the materials on 
a value that can be interpreted with a multitude of laser sintering parameters.  In this 
case, laser energy has been chosen to be the primary process variable.   
5. A strict definition of the SSR in terms of a specific TGA weight loss value proved to 
be very appropriate for the PA-12 material.  Material degradation is predicted at an 
EMR value of just over six and mechanical property data begins to drop around the 
same point.  A similar effect was not seen with the other materials (ALM TPE-210s 
and Elastollan TPU) whose mechanical properties continued to increase even beyond 
the predicted 1% weight loss and related EMR values.   
6. GPC has been used to characterize molecular weight changes between parts built from 
different input energy for each of the materials (PA-12, ALM TPE-210s, and 
Elastollan TPU).  This data was extremely valuable and shows for each of the 
materials a Mw range where properties increase, come to a maximum, and then 
decline.  This is especially useful noting the requirement to optimize Mw for maximum 
mechanical properties as well as sintering capabilities.   
7. There are inherent structural differences between the materials studied for this section.  
This was highlighted well with the effects of the laser sintering process on the Mw for 
the three cases.  The input of any heating plus laser energy results in Mw gains for both 
PA-12 and Elastollan TPU suggesting a chain extension type reaction occurring.  The 
ALM TPE-210s material behaved more like a conventional polymer where the applied 
energy caused chains to break and decrease in Mw is observed. 
8. Strain energy is an indication of toughness that can be calculated from the area 
underneath a stress/strain curve resulting from a tensile test.  This was used as a way 
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to better compare the three materials in this investigation.  Comparing all these values 
on a single plot against EMR is another way to characterize material effectiveness and 
potential for laser sintering by showing the range of EMR values that result in optimal 
mechanical properties.   
9. The combination of insight gained from the TGA, EMR, mechanical properties, and 
GPC data that was compiled for this investigation enables the creation of a platform 
concept of the Stable Sintering Region Map.  By understanding the appropriate Mw 
ranges that occur for a given EMR a machine operator may be able to design specific 
build protocols for their individual needs. 
 
12.3. Suggestions	  for	  Future	  Work	  
As with any large body of research the conclusions often reveal additional questions and 
opportunities for further innovation.  In this section a suggestion of future work directions 
are discussed.  The first sub-section will list some areas for exploration while the second 
section will offer a more detailed study proposition and hypothesis.   
12.3.1. General	  Recommendations	  
1. A general criticism of the laser sintering literature is that relatively few materials have 
been studied in depth.  While this thesis goes beyond the standard that is currently 
established in the field there is room for growth when it comes to expanding the selection 
of materials tested.  This is especially the case for work on the Stable Sintering Region.  A 
logical extension would be to include other commercial laser sintering polymers like PA-
11 or Duraform Flex.   
 
2.    Recently a new DSC system has been commercially released by Mettler Toledo that 
enables heating rates several orders of magnitude above the conventional systems.  The 
upper heating rate for this machine is 40000°C/sec (~25000 °C/sec heating rate for 
sintering) while cooling can be tested at rates of 4000°C/sec.  This would come much 
closer to replicating the laser sintering process than the current DSC testing available.  
The testing done in this thesis was primarily done at rates of only 10°C/min (or slightly 
higher with TGA).   
 
3.  The TGA tests could be expanded to include analysis of the gases resulting from high 
temperature exposure.  This can be done with additional test fixtures like mass 
spectrometers that were not available for this work.  This would help to identify the exact 
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mechanisms for high temperature degradation for each polymer.  Going further, it may be 
possible to examine any fumes that occur in the laser sintering.  This could give a more 
precise comparison between how the temperatures resulting in degradation during TGA 
testing compare to that of the processing environment.    
 
Further studies on the exact degradation mechanisms that can occur during laser sintering 
could also help in the development process of future materials.  This will likely be quite 
different for various classes of materials but may reveal stimulating topics for future 
consideration.    
 
4.  The Hot Stage Microscopy work was a practical method of analyzing the sintering rate 
for a polymer material; however mathematical expressions like the Frenkel Model (and 
subsequent models) have been developed to describe the relation between viscosity and 
surface free energy on the rate of coalescence.  Viscometry and surface free energy tests 
performed at elevated temperatures where sintering occurs could offer an alternate method 
for describing the lower bound of the Stable Sintering Region.   
 
5. The only mechanical property test that was applied in this work was tensile testing.  
Many applications require different properties than tensile testing illuminates.  For 
example, impact fracture testing is a large part of Burton Snowboard’s testing program 
along with fatigue.  These properties were not explored in relation to the Stable Sintering 
Region and could be a valuable extension of this work.   Primarily the key question would 
be whether high energy input from the laser has similar effects on other mechanical 
properties beyond those measured using tensile testing.  It would logically follow that if 
tensile testing shows a decline in properties a similar pattern would arise with other 
mechanical tests however the exact point at which the polymer deterioration has effect 
may be slightly different with different tests (ie. location of ductile-brittle transitions).   
 
6.  One aspect of degradation that was not thoroughly studied for this work was the effect 
of prolonged exposure to elevated temperatures.  All the laser sintering builds that were 
performed were rather short (~4 hours) and therefore prolonged exposure to high bed 
temperatures was not really an issue.  Changing the amount of test pieces in a build can 
effect temperature distribution throughout the part bed as well as the heating/cooling rates 
of parts as they are built and solidified.  Different polymers will likely have different 
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responses to these effects and this could manifest itself in a decrease of mechanical 
properties.  There are several ways to further characterize this effect.  For instance, 
constructing mechanical testing parts in a small, medium, and large size build could offer 
some insight as to whether there are changes induced by a high isothermal bed 
temperature.  A related concern is that there are several different laser sintering platforms 
made by both EOS and 3D Systems.  Each has slightly different bed sizes, heating 
mechanisms, and deposition techniques. It would be worthwhile to expand on these 
studies with a broader set of LS machinery.   
 
7. This research would be complimented by including a more comprehensive examination 
of the mechanical and optical effects of high energy exposure.  This would include an 
SEM or optical microscopy study of the changes in particle coalescence that occurs within 
and beyond the Stable Sintering Region.   
 
8.  The TGA studies were based on the assumption that heating in the TGA machine was 
comparable to what happens to the polymer when it is heated by the laser.  Although 
challenging from a practical point of view it would be useful to attempt to record or 
theoretically predict temperatures actually achieved in the powder bed during the laser 
sintering machine using thermography or other means.  A slightly different approach 
could be based on inducing weight loss.  If a precisely measured amount of material is 
added to the bed, then exposed to the laser at a wattage that would induce weight loss it 
might be possible to make measurements before and after exposures that correlate to what 
is measured during TGA.   
 
12.3.2. Specific	  Hypothesis	  for	  Future	  Work	  
A specific area of investigation of particular interest is the refinement of the method to 
directly correlate Stable Sintering Region information from TGA experiments to laser 
sintering parameters.  The process to apply TGA data in combination with the Energy 
Melt Ratio values deserves more examination to make it a more precise method to use for 
laser sintering.  
 
There are two aspects of this concept that are worth exploring.  First is the actual Energy 
Melt Ratio value and how it can be affected by altering parameters other than just laser 
power.  Second is trying to identify the appropriate TGA weight loss corresponding to 
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each of the materials.  While the overall method did work well for PA12 applying the 
similar process for the elastomer materials was less precise.   
 
The Energy Melt Ratio takes into consideration several important machine parameters that 
can be selected by the laser sintering user.  These include bed temperature, laser power, 
scan spacing, scan count, and layer thickness.  The concept of the EMR assumes that a 
single value can be achieved through multiple permutations of these factors.  For the 
purposes of this study laser power was the only variable that was changed throughout the 
testing.  This was the most efficient parameter to change between the three materials and 
also allowed for a wide range of energy inputs to be tested.  However, changing the 
delivery method of the energy input to cause melting, coalescence, and possible 
degradation is a potentially a very fruitful area of study.  This is especially the case 
because it could introduce factors such as time dependency (longer builds or more time 
between layers).  Table 12.1 describes the potential test methods and effects of doing such 
an examination.   
 
 Potential Test 
Laser Power Single Build – Increasing Laser Power 
Layer Thickness Multiple Builds – Variable layer thickness with other parameters constant 
Scan Speed Single Build – Variable Scan Speed for parts built with other parameters fixed 
Bed Temperature Multiple Builds – Increase bed temp for a standard part build 
Scan Spacing Single Build – Variable spacing for parts built with other parameters fixed 
Scan Count Single/Multiple builds single or double scanned 
Table 12.1 Further Methodology Outline 
 
The additional testing requirements for undertaking a study of this magnitude, especially 
with multiple materials would add significantly to the understanding of the polymer laser 
sintering field.  Generally, these types of in-depth characterization and build programs 
have been done with more standard materials like PA12 or PA11 but almost no research 
has been performed to this extent with elastomers.   
 
The primary difficulty in doing this would be replicating a similar set of test pieces in a 
build.  One of the reasons that laser power was chosen as the primary variable in the test 
builds was that it offered the opportunity to test a large range of ‘buildable’ conditions.  If 
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bed temperature or layer thickness were chosen as the variable only one build at a time 
could be done which would require several builds.   Ideally the SSR and tensile test results 
of altering the other parameters besides laser power to create similar EMR measurements 
would result in similar part properties, as seen in this work.  However, exactly replicating 
the conditions from build to build may be difficult and changes could be observed since 
similar test ranges may be impossible to reach without causing the builds to fail.   
 
One of the strengths of combining TGA analysis with the Energy Melt Ratio was the fact 
that reasonable machine parameters could be established for a material.  This could be 
used as a first step to creating a comprehensive users guide for polymer processing.  In 
fact, if it is known that certain parameters will deliver specific properties this could be 
extremely useful for industrial applications where several different mechanical property 
parameters are required.   The output from an examination of this sort would be a user 
friendly graphical chart that correlates laser sintering mechanical properties with their 
properties and potential applications or conventional processing equivalents.   This could 
be a more detailed extension on the ‘Optimum Sintering Region Map’ concept discussed 
in Chapter 11 with additional machine parameters and mechanical properties as key 
variables (Figure 13.1).  This could also be a component of more advanced theories 
relating to materials, parameters, and properties that form the foundation of simulation 
software commonly used in other polymer processes like injection moulding or extrusion.    
 
Figure 12.2 Proposed Stable Sintering Region Map of parameters and mechanical 
properties 
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While a comprehensive laser sintering build study using different materials would be 
valuable, it could also couple well with a TGA approach of finding weight loss data that 
correlates to mechanical property declines.  It would be useful to expand the range of 
predicted degradation points that would lead to the drop in tensile or broader mechanical 
properties.  This work merely focused on the ‘1% degradation’ parameter, which worked 
well for PA-12, however it did not show similar results with the ALM TPE-210s or 
Elastollan.  It would be interesting to see whether higher weight loss values would be 
more appropriate for the elastomer materials.  However, a limiting factor that must be 
considered is the creation of a large amount of evaporated gas that occur at higher energy 
levels with polymers. This was already the case with the work done for this thesis so if an 
experimental protocol explores higher energy input values that would result in higher 
weight loss this must be considered.   
 
To conclude, the research and contributions made in this thesis highlight the results of a 
very effective model for academic and industrial collaboration.  Serious and far-reaching 
materials science, polymer engineering, and additive manufacturing concepts were 
explored, created, and implemented in a manner that not only adds to the body of 
knowledge for these subjects but has an immediate effect on advanced prototyping 
capabilities for a demanding applications snow sports as well as the wider additive 
manufacturing community. 
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1.  Publication List and Abstracts 
 
The following pages feature a publication list including abstacts, both journal and 
conference, resulting from this thesis. 
 
Journal Papers 
 
1.  Vasquez, M.; Haworth, B.; Hopkinson, N. 2011. Optimum Sintering Region for Laser Sintered 
Nylon-12. IMechE Part B: Journal of Engineering Manufacture. 225: 2240 DOI: 
10.1177/0954405411414994 
 
It is well known that the mechanical properties of laser sintered Nylon-12 improve with increased applied 
energy. However properties can reach a maximum after which, the application of additional energy can a 
lead to a decline in part properties. It is thought that the reason for this decline is that the additional energy 
causes polymer chain degradation or other changes in molecular structure. This paper aims to use 
thermogravimetric analysis (TGA) to investigate the thermal degradation of nylon-12 and explain the 
deterioration of mechanical properties when high energy density conditions are applied during processing. 
The key findings are the application of modelling methods to predict the temperatures achieved during laser 
sintering of nylon-12. It is shown that temperatures in the laser sintering machine can achieve levels above 
300°C. At these temperatures, TGA data show that mass loss occurs and could cause mechanical property 
breakdown. This practical work coupled differential scanning calorimetry and TGA as a means of 
identifying thermal transitions in the material. The term ‘stable sintering region’ is proposed as a novel 
concept for the laser sintering community, and can have implications for better understanding of how 
process parameters can affect parts built in the machine. In addition, the concept could be used in the 
material selection process when screening potential new polymers for the process. One limitation of laser 
sintering, compared to other polymer processes such as injection moulding, is the limited understanding of 
the connection between machine parameters and part properties. This work aims to improve that 
understanding by discussing the pattern of thermal behaviour, including degradation, seen in polyamide 
exposed to high laser parameters. 
 
[Submitted for Review] 
2.  Vasquez, M.; Haworth, B.; Hopkinson, N. 2012. Methods for Quantifying the Stable Sintering 
Region in Laser Sintered Polyamide-12. Polymer Engineering and Science 
 
Manufacturing complex parts by the laser sintering process requires a minimum amount of energy input for 
consolidation of polymer particles to occur, however too much energy can result in a decline in mechanical 
properties. This decrease is thought to be the result of polymer chain decomposition.  A Stable Sintering 
Region (SSR) has been proposed to describe the optimum temperature range for successful laser sintering.  
This paper will aim to quantify the SSR for polyamide-12 by using thermogravimetric analysis (TGA) to 
provide a framework for identifying key laser sintering processing parameters.  Weight loss with respect to 
temperature is the main measurement output of the TGA procedure.  However, the precise temperature and 
thermal history of a material is difficult to quantify during the laser sintering process; instead an energy 
input approach has been developed.  A degradation energy was calculated from the TGA data and was used 
in conjunction with a laser sintering formula called Energy Melt Ratio (EMR) to prescribe build parameters 
for laser sintered parts.  The mechanical properties of these parts illustrated the effect of degradation at 
various levels of energy input.  Implications for this work include optimizing the material selection process 
for polymer laser sintering materials beyond polyamide-12.   
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[Planned to be submitted for review in May 2012] 
3.  Vasquez, M. Majewski, C.; Haworth, B.; Hopkinson, N.. 2012. Development of a Novel Laser 
Sintering Elastomer using a Targeted Material Selection Process. International Polymer 
Processing 
   
Laser sintering (LS) of polymer materials is a process that has been developed over the last two decades and 
has been applied in industries ranging from aerospace to sporting goods.  However, one of the major 
limitations of the process is the quantity of usable materials.  Various material characteristics have been 
proposed as important for the Laser Sintering process, key aspects of which have been combined in this 
work to develop an understanding of the most crucial requirements for LS development.  Using the 
favourable characteristics of polyamide-12 (the most standard material for Laser Sintering) as a benchmark, 
a previously un-sintered elastomer material was identified as being suitable for the LS process, through a 
combination of Differential Scanning Calorimetry, and Hot Stage Microscopy.  Subsequent Laser Sintering 
builds confirmed the viability of this new material, and tensile test results were favourable when compared 
with materials that are currently commercially available, thereby demonstrating the efficacy of the chosen 
selection process.   
 
[Accepted] 
4.  Plummer, K.; Vasquez, M.; Majewski, C.; Hopkinson, N. 2012. A Study into the 
Recyclability of Elastollan during Laser Sintering. IMechE Part B: Journal of Engineering 
Manufacture.  
 
Previous studies into the use of polymer powders such as nylon-12 for laser sintering have shown 
deterioration in  properties associated with chain growth caused by repeated heating and cooling, leading to 
a rise in viscosity. The purpose of this report is to investigate the possibility of re-using elastollan powder in 
the laser sintering machine.  The work has novel value as there has been no previous work on processing 
elastollan by laser sintering.   A virgin powder sample was retained along with a powder sample after each 
of 4 LS builds. The recyclability of  the powder was tested by observing neck growth rates of particle pairs 
under a hot stage microscope, plotting DSC  (Differential Scanning Calorimetry) traces, measuring the melt 
flow index, testing mechanical properties and  carrying out particle size analysis for each sample.  DSC 
analysis of elastollan samples has shown no effect of recycling on the thermal properties of the powder,  and 
hot stage analysis has shown that recycling has no obvious effect on sintering time. It has also been 
identified  that there is no significant trend in elastollan particle size caused by increased recycling, 
suggesting the absence of  solid state sintering. Melt flow index analysis results have shown a small overall 
increase in flow rate with increased  recycling, corresponding to a slight drop in viscosity, suggesting 
reduced chain length. The outcome of tensile test  results was a negligible decrease for the elongation at 
break and Young’s modulus, but a minor decrease in strength.  The results have shown that it is possible to 
recycle elastollan bed powder several times through the  laser  sintering machine without any significant 
degradation or reduction in properties 
 
5. Caine, M.; Blair, K.; Vasquez, M. 2012. Commentary: The Impact of Materials 
Development for Sports. Nature Materials.  [Submitted for Review - May 2012] 
 
Sports offer a unique opportunity for the application of new materials and technologies.  The evolution in 
many sports from natural to synthetic and highly engineered materials has drastically changed the way 
athletes train and compete.   The commercialization pathways in sports are often less rigorous than other 
industries such as aerospace or medical.  Nevertheless, the creation of sports products and equipment can be 
just as challenging because of the athlete and environmental requirements.  This commentary will discuss 
materials development in sports in the context of their effect on the game, the role of industry and 
universities, and new research that will affect Olympic athletes of the future.   
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Conference Papers/Presentations 
 
1.  Society of Plastic Engineers ANTEC Conference 
Vasquez, M. Hopkinson, N., Haworth, B. 2011. Laser Sintering Processes: Practical Verfication 
of Particle Coalescence for Polyamides and Thermoplastic Elastomers. ANTEC 20011—
Proceedings of the 69th Annual Technical Conference and Exhibition, Boston, MA, May 1-5.  
Society of Plastics Engineers. 2458-2462 
 
Laser sintering of polymers is an Additive Manufacturing technology that has been developed over the past 
two decades.  The technology has been implemented in a variety of industries from automotive and 
aerospace to the sports and leisure sector.  This paper will explore the use of hot stage microscopy (HSM) 
and differential scanning calorimetry (DSC) to measure and observe powder polymer behavior with respect 
to the requirements for laser sintering.  A range of polymer materials were tested including semi-crystalline 
polyamides, Nylon-11 and Nylon-12.  Materials previously thought not to have favourable laser sintering 
characteristics, such as thermoplastic elastomers, have also been included.  By observing this behaviour in a 
range of materials, the results can be used as a tool for improved development of future materials for the 
laser sintering process, and potentially for process optimisation, allowing laser sintering to compete in high 
volume manufacturing environments.   
 
 
2.  Additive Manufacturing Users Group Conference  Presentation 
Vasquez, M.; Cross, J.; Haworth, B.; Hopkinson, N. 2012.  Highlights of a Successful Industrial 
Collaboration between Loughborough University and Burton Snowboards.   
 
 
3.  International Sports Engineering Association Conference 
Vasquez, M., Cross, J.; Haworth, B.; Hopkinson, N. 2012. Developing new laser sintering 
materials for snowboarding applications.  Lowell, MA, July 9-13 
 
 
Over the past two decades Additive Manufacturing has radically shifted the way that many sports 
companies design new products.  Burton Snowboards is one of these companies.  They utilize a technology 
called laser sintering to streamline the prototyping process for many of their rigid snowboard binding 
products. Laser sintering is a manufacturing technology that takes digital files and constructs parts in three 
dimensions by depositing and consolidating layers of material using a laser.   Currently, one of its biggest 
limitations is the restricted range of polymer materials that are available.  The most common polymer 
materials used in laser sintering are Nylon-12 or Nylon-11.  While these materials allow for the creation of 
robust rigid functional prototypes like snowboard binding baseplates or high backs, their ductility and 
elasticity is limited.  The Burton product line includes many parts that demand more flexibility, especially 
for cold weather application such as straps, padding, or footwear components.  This paper will discuss a 
scientific research collaboration between Loughborough University and Burton Snowboards to identify, 
characterize, develop, and test a new elastomer laser sintering material.  Polymer characterization tests were 
completed at Loughborough University and laser sintering processing trials were performed at Burton 
Snowboard’s Rapid Prototype laboratory.  This targeted development process has implications beyond 
snowboarding and could be applied to other areas of the sporting goods industry where flexible materials are 
required, including footwear or personal protective equipment.   
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Haworth, B.; Hopkinson, N.; Hitt, D.; Vasquez, M. 2011. Influence of Molecular Weight and 
Viscosity on Particle Coalescence for Laser Sintering of Nylon-12. Polymer Processing Society – 
Marrakesh, Morrocoo 
 
Laser sintering technology for polymers continues to be implemented in a vast range of products and 
represents a significant and innovative growth sector in component design and manufacture. Sintering 
kinetics and part reliability are critically dependent on the melt viscosity of materials typically used, such as 
polyamide 12 (PA-12). Sintering is a thermally driven process that allows particle coalescence to occur at a 
rate dependent upon physical properties such as melting and crystallisation, surface free energy and melt 
viscosity. Theoretical viscoelastic models are available to predict particle coalescence based upon properties 
data, yet these are not fully developed and in future, the effects of in-process changes in molecular structure 
and properties must be considered. PA-12 is the most commonly used material for laser sintering and whilst 
the creation of mechanically robust parts is possible, achievable durability is constrained by the response at 
the processing stage, where changes in molecular structure are known to occur. The purpose of this research 
is to characterise the viscosity of PA-12 powders using alternative scientific methods, constrained boundary 
flows (capillary rheometry) and rotational rheometry, noting the influence of in-process molecular weight 
variations. Results demonstrate conventional pseudoplastic flow in all PA-12 materials. Zeroshear viscosity 
has been quantified by rotational rheometry; a notable observation is the striking difference between virgin 
and used PA-12 powders, which has important implications for laser sintering processes. This has been 
interpreted in terms of changes in molecular weight and chain structure, possibly arising from 
polycondensation of PA-12 powders held at the bed temperature during laser sintering build cycles. 
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2.  Material Data Sheets 
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3. DSC Calibration and Measurement Techniques 
 
 
DSC Baseline  
 
 
 
 
 
DSC Saphire 
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DSC Measurement Technique 
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4. TGA Calibration and Measurement Techniques 
 
Typical TGA Trace with Measurement Points 
 
 
 
 
Indium Standard Calibration 
 
 
Raw Data Output 
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Version 0.4
Run 956
Instrument 2960 SDT       V3.0F
Module DSC-TGA
Sample Indium Standard
Size 11.1054 mg
Method Ramp
Operator MS
Comment 5O
Xcomment Pan: Alumina            Gas1: Air       60/40       Gas2: None
Text
Exotherm Up
Kcell 1
InstCalDateWeight:       16-Dec-05 12:15
InstCalDateHeat Flow:  6-Mar-01 13:51  Temp Range (øC):  200.04 to 1476.12
InstCalDateBaseline:      6-Mar-01 13:51  Temp Range (øC):  200.04 to 1476.12
TempCal 3 pts 22 22.05, 157.83 154.16, 358.99 358.22
Thresholds 0 0
Controls Gas 1  Event Off  Sampling 2.0 sec/pt
Nsig 5
Sig1 Time (min)
Sig2 Temperature (øC)
Sig3 Heat Flow (mW)
Sig4 Weight (mg)
Sig5 Deriv. Weight (%/øC)
Date 07-Apr-11
Time 08:52
File C:\TA\Data\TGA\Vasquez\Indium Standard.001
OrgFile C:\TA\Data\TGA\Vasquez\Indium Standard.001
StartOfData
0 39.0925 -1.76897 11.10545 -3.31E-03
0.031667 39.075 -1.75311 11.10548 -3.32E-03
0.065 39.0635 -1.7368 11.1055 -3.32E-03
0.098333 39.0555 -1.72049 11.10542 -3.32E-03
0.131667 39.0475 -1.70283 11.10545 -3.32E-03
0.165 39.04 -1.68244 11.10545 -3.32E-03
0.198333 39.04 -1.66025 11.1055 -3.32E-03
0.231667 39.038 -1.63986 11.10562 -3.32E-03
0.265 39.045 -1.61585 11.10565 -3.32E-03
0.298333 39.0505 -1.58958 11.10568 -3.32E-03
0.331667 39.065 -1.56104 11.1057 -3.32E-03
0.365 39.0895 -1.53159 11.10572 -3.31E-03
0.398333 39.114 -1.49581 11.1058 -3.31E-03
0.431667 39.144 -1.4573 11.10582 -3.30E-03
0.465 39.1875 -1.41563 11.1058 -3.30E-03
0.498333 39.2295 -1.37078 11.1058 -3.29E-03
0.531667 39.284 -1.32321 11.1058 -3.19E-03
0.565 39.341 -1.27384 11.10587 -3.17E-03
0.598333 39.4085 -1.21902 11.10598 -3.16E-03
0.631667 39.4845 -1.16059 11.10587 -3.14E-03
0.665 39.5665 -1.09807 11.10587 -2.99E-03
0.698333 39.653 -1.03193 11.10598 -2.98E-03
0.731667 39.7495 -0.96353 11.10605 -2.97E-03
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5. TGA Moisture Content Correction 
 
 
 
Nylon-12 moisture content TGA adjustment 
 
 
 
 
ALM TPE-210s moisture content TGA adjustment 
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Elastollan moisture content TGA adjustment 
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6. Specific Heat Capacity 
 
This short section describes the method for calculating Specific Heat capacity as 
described in Chapter 9. 
 
!! ! = (!"!")!(!"!")!"#    !!"#! ! ! !!"#(!) 
 
where:  
 !! !  Heat capacity at a given temperature (T) for a sample (!"!")! Heat flow at T for sample (!"!")!"# Heat flow for sapphire standard at T !!"# Mass of sapphire standard ! ! ! Mass of sample !!"#(!) Heat capacity of sapphire standard at T 
 
Using PA-12 as an example material, the following table describes the necessary variables 
and relevant standard information found on the following pages.  
 (!"!")! 2.64 W/g (!"!")!"# 8.64 W/g !!"# 7.3 mg ! ! ! 60.3 mg !!"#(!) 0.8548 J/g°C 
 !! !  2160 J/kg-°C 
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7  Tensile Test Data	  
 
Methods for mechanical property calculations 
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PA-12  
 
PA-12 Tensile Data (6 Watts) 
 
 
PA-12 Tensile Data (10 Watts) 
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PA-12 Tensile Data (14 Watts) 
 
 
PA-12 Tensile Data (18 Watts) 
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PA-12 Tensile Data (22 Watts) 
 
 
 
PA-12 Tensile Data (25 Watts) 
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ALM TPE-210s  
 
 
ALM TPE-210s Tensile Data (10W) 
 
 
ALM TPE-210s Tensile Data (12W) 
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ALM TPE-210s Tensile Data (14W) 
 
 
 
ALM TPE-210s Tensile Data (15W) 
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ALM TPE-210s Tensile Data (16W) 
 
 
 
ALM TPE-210s Tensile Data (17W) 
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Elastollan  
 
 
Elastollan TPU Tensile Data (12W) 
 
 
Elastollan TPU Tensile Data (13W) 
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Elastollan TPU Tensile Data (14W) 
 
 
 
 
Elastollan TPU Tensile Data (15W) 
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Elastollan TPU Tensile Data (16W) 
 
 
 
Elastollan TPU Tensile Data (17W) 
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8.  GPC Data 
The following results were measured at Smithers Rapra (Shawbury United Kingdom) 
 
 
 
 
PA-12 Powder Molecular Weight 
 
 
 
 
 
PA-12 Laser Sintered Parts Molecular Weight 
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ALM TPE-210s Powder Molecular Weight 
 
 
 
 
 
 
ALM TPE-210s Parts Molecular Weight 
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Elastollan Powder Molecular Weight 
 
 
 
 
 
 
Elastollan Powder Molecular Weight 
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9  Images of Laser Sintered Parts 
 
 
PA-12 Tensile Test Specimens 
 
 
ALM TPE-210s Tensile Test Specimens 
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Elastollan TPU Tensile Test Specimens 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
